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Abstract
Multiple Sclerosis (MS) is a demyelinating/inflammatory disease of the central nervous
system. Relapsing-remitting MS is characterized by a relapsing phase with clinical symp-
toms and the production of inflammatory cell infiltrates, and a period of remission during
which patients recover partially. Myeloid-derived suppressor cells (MDSCs) are immature
cells capable of suppressing the inflammatory response through Arginase-I (Arg-I) activity,
among other mechanisms. Here, we have identified Arg-I+-MDSCs in the spinal cord during
experimental autoimmune encephalomyelitis (EAE), cells that were largely restricted to the
demyelinating plaque and that always exhibited the characteristic MDSC surface markers
Arg-I/CD11b/Gr-1/M-CSF1R. The presence and density of Arg-I+-cells, and the proportion
of apoptotic but not proliferative T cells, were correlated with the EAE time course: peaked
in parallel with the clinical score, decreased significantly during the remitting phase and
completely disappeared during the chronic phase. Spinal cord-isolated MDSCs of EAE
animals augmented the cell death when co-cultured with stimulated control splenic CD3 T
cells. These data point to an important role for MDSCs in limiting inflammatory damage in
MS, favoring the relative recovery in the remitting phase of the disease. Thus, the MDSC
population should be considered as a potential therapeutic target to accelerate the recovery
of MS patients.
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INTRODUCTION
Multiple sclerosis (MS) is a chronic autoimmune demyelinating
disease characterized by a coordinated inflammatory attack on the
myelin sheath in the central nervous system (CNS), thereby damag-
ing the underlying axon (13). There are four main clinical forms of
MS, the most common of which is the relapsing-remitting (RR)
form (85% of MS patients, at least in its initial stages) (13). The
RR-MS variant is characterized by acute relapses of neurological
deficits separated by periods of remission during which disease
progression is halted. In order to develop new treatment strategies
for chronic inflammatory diseases, it is not only important to char-
acterize the mechanisms that trigger immune responses, but also to
fully understand the factors that mediate these reactions. Indeed,
awareness of the downstream effector cells that regulate inflamma-
tory responses may aid the discovery of new and/or improved
approaches for disease intervention.

Experimental autoimmune encephalomyelitis (EAE) is an
autoimmune inflammatory disease that has been extensively used
as an animal model of MS (22). EAE is initiated through the
peripheral activation and proliferation of myelin-specific CD4 T

cells, which then migrate to the CNS (24). Once inside, microglia
and astrocytes are activated, and a large number of macrophages
and neutrophils are recruited from the circulating blood, which
results in CNS inflammation (4, 45, 51). Each phase of EAE is
regulated by a distinct group of cytokines. During the onset and
relapsing period, Th1 cytokines are thought to mediate the severity
of the disease (24), although this may not always be the case.
Indeed, mice lacking some of the main Th1 cytokines (IFN-g, IL-12
or TNF-a) experience similar or more severe forms of EAE (16,
17, 33). In contrast, Th2 cytokines like IL-4, IL-10 and IL-13 are
generally associated with EAE recovery and the induction of toler-
ance (3, 5). A Th17 response was recently described (31, 35) and a
role for Th17 cells was revealed in the first stages after immuniza-
tion prior to the onset of clinical EAE symptoms (37, 42).

Nevertheless, there is a dearth of data regarding the cell popula-
tions that affect and, in turn, are affected by the changes in cytokine
composition in EAE (50), most of which relate to regulatory T cells
(12, 25, 46). In recent years, a population of myeloid cells suppress-
ing immune responses against tumors, traumatic stress, sepsis and
infections (14, 23, 34, 48) has also been described participating in
demyelinating animal models (6, 44, 55). These myeloid-derived
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suppressor cells (MDSCs) are a heterogeneous population that
includes immature macrophages, granulocytes, dendritic cells
and other myeloid cells (7, 20, 53). MDSCs have been proposed to
suppress the immune response through different mechanisms:
down-regulation of CD3z-chain expression (and the subsequent
inhibition of T cell proliferation), inhibition of CD8 T cell-
mediated cytotoxicity and induction of T cell apoptosis (2, 19, 27,
40). These MDSCs mainly exert their functions through iNOS
and/or Arginase-I (Arg-I) activity (9, 27), a hydrolytic enzyme
responsible for converting arginine to ornithine and urea (29). In
mammals, Arg-I is primarily expressed in the liver and it is a
critical element in the urea cycle (29). Arg-I is the gene that is most
strongly up-regulated in the spinal cord during EAE (11, 52), and it
is expressed in immature myeloid cells (isolated from EAE mouse
spleen) treated with IL-4 in vitro (55). However, no relevant data
exist regarding the distribution of these Arg-I+-suppressor cells in
the CNS.

In this study, we have analyzed the Arg-I expression pattern
during EAE and we describe its expression by MDSCs, although
only during periods in which the immune response occurs. Sup-
pressive monocytes isolated from the spleens of EAE mice exerted
their immunosuppressive actions in vitro by inhibiting T cell prolif-
eration and the induction of massive cell death (55). To our knowl-
edge, this is the first study to describe the specific relationship
between Arg-I+-MDSCs from the spinal cord of immunized
animals (EAE) and T cell apoptosis using both in vivo and in vitro
approaches. Together, our results suggest that the modulation
of MDSCs in demyelinating diseases, including MS, may consti-
tute an effective therapeutic tool to down-regulate the immune
response, thereby aiding patient recovery.

MATERIALS AND METHODS

Induction of EAE

Six- to 8-week-old female C57/BL6 mice were immunized subcuta-
neously with 200 mg of MOG35–55 peptide (kindly provided by DrA.
Silva, Centro de Investigaciones Biológicas, Madrid, Spain) in
Incomplete Freund Adjuvant (v/v, Sigma, St Louis, MO, USA)
containing 4 mg of Mycobacterium tuberculosis (H37RA, Difco,
Franklin Lakes, NJ, USA). Sham-operated animals received
phosphate-buffered saline (PBS) instead of the MOG peptide. Both
immunized and sham mice were intravenously administered pertus-

sis toxin (250 ng, Sigma) by injection in the tail vein at the time of
immunization and 48 h later.All animal manipulations were carried
out in accordance with Spanish (RD223/88) and European (86/609/
ECC) regulations, and they were approved by the Animal Review
Board (registered as SAPA001) at our Institution. During EAE, the
clinical symptoms of MOG-immunized, sham and control animals
were scored daily by three independent blind observers as follows: 0,
no detectable signs of EAE; 1, tail paralyzed; 2, unilateral partial
hind-limb paralysis; 3, complete bilateral hind-limb paralysis; 4,
total paralysis of forelimb and hind-limb; and 5, death.

Tissue sampling

For histology, four mice were sacrificed at each of the stages
analyzed during the EAE time course: 15, 25, 35 and 63 days
post-immunization (dpi). The clinical score variability at each
time-point was as follows: 15 dpi (2.25–3.5), 25 dpi (1.5–2.5) and
35/63 dpi (1.5–2.0). All animals were perfused transcardially with
4% paraformaldehyde in 0.1 M PB (pH 7.4) and the spinal cords
were dissected out and post-fixed in the same fixative for 4 h at
room temperature (RT). After immersion in 30% (w/v) sucrose in
PB for 12 h, coronal sections (20 mm thick) were obtained on a
cryostat (Leica, Nussloch, Germany) and they were thaw-mounted
on Superfrost® Plus slides.

Eriochrome cyanine for myelin staining

The sections were dried for 2 h at RT, and for 2 h at 37°C in a slide
warmer. The slides were then placed in fresh acetone for 5 min at
RT, and air-dried for 30 min. The sections were stained in 0.2%
eriochrome cyanine (EC) solution for 30 min and differentiated in
5% iron alum and in borax-ferricyanide for 15 and 20 min, respec-
tively, with brief rinses under running water between each step.

Immunohistochemistry

After several rinses with PB, the sections were pre-treated for
20 min with PB containing 3% H2O2, 10% methanol (or methanol
alone for immunofluorescence experiments). The sections were
pre-incubated for 1 h at RT in incubation buffer: 5% normal serum
(Vector, Burlingame, CA, USA) and 0.2% Triton X-100 (Merck,
Darmstadt, Germany) diluted in PBS. Immunohistochemistry was
performed by incubating sections overnight at 4°C with the primary

Table 1. Antibodies employed for the inmunohistochemical analysis in this study.

Antibody Target Dilution Class Manufacturer

Arg-I Arginase-I enzyme 1:25 Goat polyclonal SCBT
CD4 CD4 T lymphocytes 1:25 Rat monoclonal eBioscience
CD8 CD8 T lymphocytes 1:25 Rat monoclonal eBioscience
CD11b Microglia/macrophages 1:250 Rat monoclonal AbD, Serotec
CD115 M-CSFR1 15 mg/mL Rabbit polyclonal Lifespan
Gr-1 Granulocytes 1:250 Rat polyclonal BD
Ly6B.2 Polimorphonuclear cells 1:100 Rat monoclonal AbD, Serotec
MBP Myelin Basic Protein 1:25 Rat monoclonal Abcam
Tomato Lectin Microglia/macrophages 15 mg/mL Biotinilated Sigma Aldrich
TUNEL Apoptotic cells Chemicon, Millipore
Histone 3 (phospho S10) Mytosis marker 1:200 Rabbit polyclonal Abcam
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antibodies (Table 1) diluted in incubation buffer. Sections were then
incubated in incubation buffer containing the corresponding fluo-
rescent (1:1000, Invitrogen, Paisley, UK; 1:250, Jackson Labs, Bar
Harbor, ME, USA) or biotinylated (1:200, Vector) secondary anti-
bodies for 1 h at RT, and subsequently with theVectastain EliteABC
reagent (Vector) where necessary. The peroxidise reaction product
was visualized with 0.05% 3,3′-diaminobenzidine (Sigma) and
0.003% H2O2 in 0.1 M Tris-HCl (pH 7.6). The reaction was moni-
tored under a microscope and terminated by rinsing the slides with
PB. For immunofluorescence, cell nuclei were stained with Hoechst

33342 (10 mg/mL, Sigma). Control tissue was incubated without the
primary antibody and no staining was observed.

Apoptosis assay

Assessment of apoptosis was performed by TUNEL analysis using
the ApoTag® Plus Fluorescein in situ Apoptosis Detection Kit
(Millipore, Billerica, MA, USA), according to manufacturer’s
instructions.

Figure 1. Arg-I expression parallels the time
course of EAE. A–D. Panoramic views of sham
(A, C) and MOG-immunized (B, D) EAE mice
(clinical score: 3). Arg-I+-cells were restricted
to demyelinated areas in EAE animals (arrows
in B, D) and they were never observed in
sham animals. E–F. Detailed views of parallel
sections from the spinal cord, showing myelin
(eriochrome cyanine staining; E, G, I, K, M) and
Arg-I (F, H, J, L, N) expression in sham (E–F)
and MOG-immunized mice at 15 dpi (G–H,
clinical score: 3), 25 dpi (I–J, clinical score: 2),
35 dpi (K–L, clinical score: 1.5) and 63 dpi
(M–N, clinical score: 1.5). Arg-I+-cells were
closely associated with the demyelinated
area at 15 dpi and 25 dpi and in cells with a
round vacuolated cytoplasm (inset in H).
O–P. Quantification of the Arg-I+-cells in the
demyelinated area (O) or the whole spinal
cord surface (P). Arg-I+-cell density peaked
at 15 dpi, it fell significantly at 25 dpi and
disappeared from 35 dpi onwards. For all
experimental groups the results were analyzed
by the Student’s t-test with a critical value of
***P < 0.001 (25 vs. 15 dpi). ND: Not
determined. Scale bar: A–D = 110 mm;
E–N = 50 mm; inset in H = 17 mm.
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Isolation of splenic T lymphocytes

Splenocytes from control C57BL/6 mice were obtained as
described previously (55). For T lymphocyte isolation, 40 ¥ 106

splenocytes were resuspended in sterile 1X PBS with 2% bovine
serum albumin (BSA), 5% fetal bovine serum (FBS) and 2%

Penicillin/Streptomycin (sorting buffer), and the Fc receptors were
blocked with anti-CD16/CD32 antibodies (BD Biosciences, Fran-
klin Lakes, NJ, USA) for 10 min at 4°C. After blocking, fluorescein
isothiocyanate (FITC)-conjugated anti-CD3e (BD Biosciences)
antibody were added to the cell suspension and incubated for
30 min at 4°C in the dark. Splenocytes were then washed twice

Figure 2. Arg-I+-cells expressed Gr-1 during EAE. A–P. Expression of
Arg-I (B, F, J, N) and Gr-1 (C, G, K, O) during EAE at 15 dpi (A–D, clinical
score: 3), 25 dpi (E–H, clinical score: 1.5), 35 dpi (I–L, clinical score: 2)
and 63 dpi (M–P, clinical score: 1.5). Cell infiltrates were labelled with
tomato lectin (TL). Demyelinated lesions appeared full of TL+-cells (A, E,

I, M) at all the time points analyzed. Co-localization studies (D, H, L, P)
revealed that Arg-I+-cells represented a subpopulation of both the inflam-
matory infiltrate and the Gr-1+-cell populations. Arg-I-/Gr-1+ cells were
strongly stained (arrows in D). Scale bar: A–P = 50 mm.
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with sorting buffer, centrifuged at 1500 rpm for 5 min at RT and
sorted in a fluorescence activated cell sorting (FACS) Aria cell
sorter (BD Bioscience). CD3+-cells were selected and recovered at
a purity > 95%.

CNS MDSC cell isolation

For each experiment, four MOG-immunized animals with a
maximal EAE clinical score (3–3.5) and the corresponding sham
animals, were sacrificed and perfused with PBS. The spinal cord
was dissected out of each mouse, cut into small pieces and digested
for 45 min at 37°C with gentle shaking in Ca2+- and Mg2+-free
Hanks’ balanced salt solution (HBSS) solution containing
400 U/mL collagenase VII (Sigma), 1% DNase (Sigma) and
100 mM CaCl2. The tissue was mechanically homogenized and
centrifuged at 2000 rpm for 5 min at RT. To remove myelin and
obtain the cellular infiltrates, the pellet was resuspended in 70%
percoll (Sigma) and loaded onto a gradient tube with 1 mL 70%
percoll, 1.5 mL 30% percoll and 0.5 mL sterile 1X PBS. After
centrifugation at 2600 rpm for 30 min, myelin was removed and
CNS inflammatory cells were retrieved from the 30/70% interface.
The cell suspension was passed through a 70 mm nylon strainer
(BD Biosciences) and washed twice in sorting buffer (without
BSA). After blocking Fc receptors (as described above), CNS
inflammatory cells were incubated with the following antibodies:
Pacific Blue-conjugated hamster anti-mouse CD3e, FITC-
conjugated rat anti-mouse Ly-6C, R-PE-conjugated rat anti-mouse
Ly-6G and PerCP-Cy5.5-conjugated rat anti-mouse CD11b (all
from BD Biosciences). Cell samples were analyzed in a FACS Aria
cell sorter using FACS Diva 6.1 software. The Ly-6Chi/Ly-6G-/low

subpopulation was isolated from the CD3-/CD11b+-gated popula-
tion, and the purity was >95%.

T cell and MDSC co-culture and cell
cycle analysis

Flat bottom 96-well plates were coated with anti-CD3/CD28 anti-
bodies (1 mg/mL each) for 3 h at 37°C. Purified CD3+-T cells were
plated at a density of 2 ¥ 105 cells/well and stimulated for 24 h with
anti-CD3/CD28. Pre-activated T cells were then cultured alone or
with 1 ¥ 105 MDSCs/well in the presence of plate-bound anti-CD3/
CD28. After 48 h, the cells were recovered by centrifugation at
2000 rpm at RT, washed in 1X PBS and fixed in 70% EtOH at
-20°C. The cells were stained with a propidium iodide/RNase solu-
tion (Immunostep, Salamanca, Spain) according to the manufac-
turer’s instructions and the cell cycle was analyzed in a FACS
Canto II cytometer with FACS Diva 6.1 software, recording 30 000
events.

Cell count, distance measurement and
statistical analysis

The total number of cells of interest was assessed using a confocal
microscope manually counting cells in 12 sections from all the
demyelinated areas of the spinal cord (visualized by MBP immuno-
histochemistry), each separated by 340 mm. Twelve pictures were
taken at different levels of each demyelinated area to avoid cell
count repetitions. The total number of cells was considered in rela-
tion to the demyelinated area or to the whole spinal cord area (both
measured using ImageJ software). The Leica Application Suite
2.7.0 R1 was used to measure distances. The data were expressed as
the mean � SEM, and they were analyzed with SigmaStat (SPSS
Inc., Chicago, IL, USA). The Student’s t-test was used to compare
the groups in which stained cells appeared (15 dpi and 25 dpi,
see below in Results). For correlation analysis, Pearson Product
Moment was performed. Minimal statistical significance was set at
P < 0.05 and the results were represented as follows: *, <0.05; **,
<0.01; ***, <0.001.

RESULTS

Arg-I-expressing cells are present in the spinal
cord of MOG-immunized mice

Whereas no Arg-I+-cells were detected in control or sham animals
at any stage (Figure 1A,C,E–F), a population of these cells was
identified in the spinal cord of immunized animals at 15 dpi and
25 dpi (Figure 1B,D,G–J). Arg-I+-cells had different shapes (from
round to polygonal; diameter of 7.78 � 0.15 mm) and staining
intensities, and they had a vacuolated cytoplasm (Figure 1H).
These cells were always detected in close association with demyeli-
nating lesions and more frequently within the demyelinated area
than in the surrounding area, so-called the periplaque (Figure 1G–
J). From 35 dpi onwards, Arg-I+-cells had disappeared entirely
from this tissue (Figure 1 K–N). Comparing both stages in which
Arg-I+-cells were present, the number of positive cells per area of
demyelination or per total area of spinal cord was significantly
higher at 15 dpi than at 25 dpi (Figure 1O–P), which paralleled
with the clinical course of EAE.

Arg-I-positive cells exhibit characteristics
of MDSCs

Several markers have been characterized in MDSCs from different
disease models (15, 18, 27, 32, 34, 38), including mouse demyelinat-
ing models (6, 44, 55), and in all cases, MDSCs always expressed
both Gr-1 and CD11b. In the spinal cord of EAE mice, no Gr-1

Figure 3. Arg-I+-cells within the spinal cord presented the characteristic
MDSC phenotype. A–C. Panoramic view of one demyelinated lesion at
15 dpi (clinical score: 3). Arg-I+-cells (A) comprised a subpopulation of
CD11b+-cells (B, merged in C). D–F. High magnification of Arg-I+- (D) and
CD11b+- (E) double-labelled cells from a cell infiltrate at 15 dpi showing
the co-expression of both markers (F). Arrow denotes cell with clear
macrophage morphology. G–I. Detailed view of one demyelinated lesion
at 15 dpi (clinical score: 3) illustrating how Arg-I+-cells (G) represent a
subpopulation of M-CSF1R+-cells (H–I). J–L. High magnification of two

macrophages showing Arg-I (green) and M-CSF1R (red) expression.
M–O. Detailed view of one demyelinating lesion at 15 dpi (clinical score:
3) demonstrating the presence of Arg-I+-cells (M) and neutrophils
(arrows in N–O) in completely independent subpopulations. P–R. Higher
magnification of an EAE cell infiltrate showing the different morpholo-
gies of Arg-I+-cells and neutrophils (with typical polymorphic nuclei).
Scale bar: A–C = 60 mm; D–F = 8 mm; G–I = 55 mm; J–L = 9 mm. M–O =
50 mm; P–R = 9 mm.

�
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expression was observed in either control or sham mice at any of the
stages studied (Supporting Information Figure S1A–C). However,
as EAE progressed, Gr-1+-cells were observed within and around the
demyelinated area of the spinal cord at the same stages at which
Arg-I was detected (Figure 2A–H). Moreover, these cells disap-
peared in parallel with the Arg-I immunostaining (Figure 2I–P).
Indeed, Arg-I+-cells comprised a subpopulation of Gr-1+-cells that
were both strongly and weakly stained, although most Gr-1+/Arg-I-
cells exhibited strong staining (Figure 2A–D).Although the density
of Gr-1+-cells was higher at 15 dpi than at 25 dpi (Supporting Infor-

mation Figure S2A), the percentage of Gr-1+-cells exhibitingArg-I-
immunoreactivity with respect to the total Gr-1+-cells did not vary
between these periods (Supporting Information Figure S2B).

CD11b was present in microglial cells from both control and
sham animals (Supporting Information Figure S1D–F). Moreover,
at all stages of EAE studied, CD11b was detected at different
intensities in infiltrated round or polygonal cells, as well as in
activated microglia. At both 15 dpi and 25 dpi, Arg-I+-cells repre-
sented a subpopulation of the CD11b+-cells (Figure 3A–F). As
with Gr-1, no correlation was observed between Arg-I immunore-

Figure 4. The presence of Arg-I+-cells is independent of the proliferative state of lymphocytes during EAE. In the spinal cord, neither Arg-I+-MDSCs (A,
E, I, M) nor lymphocytes (B, F, J, N) present the mitotic marker phosphohistone H3 (PH3: C–D, G–H, K–L, O–P) at the peak clinical score (15 dpi, A–H)
or after the limitation of the immune response (25 dpi, I–P). Scale bar: A–D, I–L = 40 mm; E–H, M–P = 10 mm.
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activity and the intensity of CD11b staining, and the density of
CD11b+-cells paralleled the clinical score attributed to the
animals (Supporting Information Figure S2C). In contrast, no
variations were observed in the percentage of CD11b+/Arg-I+-
cells with respect to total CD11b+-cells (Supporting Information
Figure S2D).

Together with CD11b and Gr-1, the macrophage-colony stimu-
lating factor 1 receptor (M-CSF1R), also known as CD115, has
been considered as an additional marker for a subset of highly
suppressive MDSCs (28), as well as a characteristic marker
of immature cells of the monocyte/macrophage lineage (43). In
our model, microglial cells from both control and sham animals

Figure 5. Arg-I+-MDSCs in EAE are involved in T lymphocyte apoptosis.
A–H. Example of an Arg-I+-MDSC in direct contact with an apoptotic CD4
T cell (A–D), or in proximity to a CD8 T cell (E–H), within a demyelinated
spinal cord lesion at 15 dpi (clinical score: 3). I–J. Quantification of the
total number of CD4 (I) and CD8 (J) T cells at those time points at which
Arg-I+-MDSCs were observed (15 dpi and 25 dpi). Although the demyeli-
nated areas showed equal CD4 T cell densities at both stages analyzed,
the density of CD8 T cells was significantly higher at 25 dpi versus
15 dpi. K–L. The density of apoptotic CD4 T cells was significantly higher

at 15 versus 25 dpi (K), in contrast to that observed for apoptotic CD8 T
cells (L). M–N. The proportion of apoptotic CD4 (M) or CD8 (N) T cells
was significantly higher at 15 dpi versus 25 dpi. For all experimental
groups the results were analyzed by Student’s t-test with critical values
of *P < 0.05 and ***P < 0.001 (25 dpi versus 15 dpi). O. Pearson’s test
of the density of Arg-I+- and apoptotic CD4 T cells revealed a significant
positive correlation. ND: Not determined. Scale bar: A–D = 10 mm;
E–H = 9 mm.
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exhibited weak M-CSF1R labelling, mainly in their processes, at
all stages analyzed (Supporting Information Figure S1G–I). Strong
immunolabelling of well-vacuolated round or polygonal cells,
which were readily identified as infiltrated monocytes that were not
present in control or sham animals, was detected within the demy-
elinated area and in the periplaque (Figure 3G–L). As described for
Gr-1+- and CD11b+-cells, the density of M-CSF1R+-cells was
significantly higher at 15 dpi than at 25 dpi (Supporting Informa-
tion Figure S2E). In contrast, the percentage of double-labelled
M-CSF1R+/Arg-I+-cells, with respect to total M-CSF1R+-cells,
remained constant in these two stages (Supporting Information
Figure S2F). Their monocytic characteristics were also corrobo-
rated by the absence of the specific neutrophil marker Ly-6B.2 (51)
in Arg-I+-cells (Figure 3 M–R). Thus, as for CD11b and Gr-1, a
subpopulation of M-CSF1R+-cells expressed Arg-I, allowing us to
classify them as highly suppressive MDSCs with macrophage-
monocyte morphological and cytochemical characteristics.

The presence of Arg-I+-cells is associated with
apoptosis of T lymphocytes

MDSCs are proposed to exert their suppressive effects on T
cell populations in two ways: by reducing T cell proliferation
and inducing T cell apoptosis (9, 44). At the stages in which Arg-
I+-cells were evident in the spinal cord (15 dpi and 25 dpi), no
mitotic lymphocytes were observed (cells labelled with phosphohi-
stone H3, PH3: Figure 4A–D,I–L). Moreover, the few PH3+-cells
detected displayed neither Arg-I nor the CD4/CD8 T lymphocyte
markers (Figure 4E–H,M–P and data not shown).

Apoptotic CD4 and CD8 T cells were detected exclusively at
15 dpi and 25 dpi, when Arg-I+-MDSCs were observed. At both
stages, apoptotic T cells were detected in contact with or near to an
Arg-I+-MDSC (no further than 5 mm: Figure 5A–H). Interestingly,
cell–cell contact-mediated apoptosis is thought to be a mechanism

by which MDSCs exert their suppressive function (2). During
EAE, the distribution of apoptotic CD4 and CD8 T cells was
altered with respect to Arg-I+-cells (see Table 2 for details).
Whereas at 15 dpi most apoptotic CD4 T cells were in direct
contact with or in the proximity of an Arg-I+-MDSC, by 25 dpi the
percentage of apoptotic CD4 T lymphocytes directly in contact
with an Arg-I+-cell decreased, although the number in close prox-
imity to an Arg-I-expressing MDSC remained stable (Table 2). As
the total number of CD4 T cells was the same at both points when
the apoptotic profiles were analyzed (Figure 5I), the total number
and the percentage of apoptotic CD4 T cells was significantly
higher at 15 dpi than at 25 dpi (Figure 5K,M). Moreover, while a
direct correlation between the total numbers of Arg-I+-cells and
apoptotic CD4 T cells was observed at 15 dpi (Figure 5O), this
correlation was not seen at 25 dpi.

A clear change in the distribution of apoptotic CD8 T cells
occurred between 15 dpi and 25 dpi (see Table 2 for details).
Although at both stages all double-labelled cells were in close
proximity to an Arg-I+-cell, some of them did not directly contact
these cells at 15 dpi, but all were in direct contact at 25 dpi. The
total number of CD8 T cells (Figure 5J) and apoptotic CD8 T
cells (Figure 5L) was lower at 15 dpi than at 25 dpi, whereas
like apoptotic CD4 T cells, the percentage of apoptotic CD8 T cells
was significantly higher at 15 dpi than at 25 dpi (Figure 5N). More-
over, there was no correlation between the number of Arg-I+-
MDSCs and the density or percentage of apoptotic CD8 T cells (not
shown).

MDSCs from the spinal cord of EAE mice induce
T lymphocyte death

To corroborate our previous morphological observations, the pres-
ence and composition of inflammatory infiltrates in the spinal cords
of sham and immunized mice (those with a peak clinical score,
3–3.5) were analyzed by flow cytometry. There was a population of
infiltrated cells in MOG-immunized mice that was not detected in
sham animals (Figure 6A–B).To characterize the cellular infiltrates
by flow cytometry, T lymphocytes and myeloid cells were identified
by CD3 and CD11b expression, respectively (Figure 6C–D, blue
population). There was a significant increase in the total proportion
of myeloid cells (CD11b+-cells; blue population, Figure 6A–D) and
T lymphocytes (CD3+-cells) in EAE mice when compared with
sham animals (Figure 6E). In EAE, MDSCs and neutrophils were
previously characterized by flow cytometry on the basis of Ly-6C
and Ly-6G antigen expression (the two antigens recognized by
anti-Gr-1 antibody) (44, 55). MDSCs presented a CD11b+/Ly-6Chi/

Table 2. Percentage and location of apoptotic T cells around an Arg-I+-
cell.

dpi % Apoptotic CD4 T cells % Apoptotic CD8 T cells

In contact Near Far In contact Near Far

15 73,4 25,4 1,2 68,75 31,25 0
25 26,4 29,4 44,2 100 0 0

Near = <5 mm from an Arg-I+-cell; Far = �5 mm from an Arg-I+-cell;
dpi = days post-immunization.

Figure 6. MDSCs extracted from the spinal cord of immunized mice
promote T cell death. A–B. The spinal cord of MOG-immunized mice (B)
at the peak clinical score contained a larger population of infiltrated cells
(colored events) than that of sham animals (A). C–D. CD11b expression
was analyzed in the CD3–-population (C). CD11b+-cells (blue) were gated,
and Ly-6C and Ly-6G surface expression was analyzed. The MDSC gate
contained CD11b+/Ly-6Chi/Ly-6G-/low cells (colored in red in D). E. In
the spinal cord, the percentage of CD11b, CD3, Ly-6Chi/Ly-6G-/low and
Ly-6Ghi/Ly-6Cint cells with respect to the total infiltrated cells was signifi-
cantly higher in MOG-immunized versus sham mice at the peak clinical
score (15 dpi). F. The percentage of Ly-6Chi/Ly-6G-/low cells (MDSCs) with

respect to total myeloid cells (CD11b+) was significantly higher in
the spinal cord of MOG-immunized versus sham mice, whereas
no significant differences in Ly-6Ghi/Ly-6Cint cells (neutrophils) were
detected between groups. G. The presence of MDSCs extracted from
the spinal cord of MOG-immunized mice at the peak clinical score
induced a significant increase in the proportion of dead T cells and a
significant decrease in the percentage of SubG1 T cells. In contrast, no
significant variations were observed in the proportion of viable cells
(G0-G1 or S-G2-M). The results were analyzed with the Student’s t test
applying the critical values of P < 0.05 (*), P < 0.01 (**) and P < 0.001
(***). ns = not significant.

�
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Ly-6G–/low phenotype, whereas neutrophils presented a CD11b+/Ly-
6Ghi/Ly-6Cint phenotype. We identified both subpopulations in the
spinal cord of MOG-immunized mice (Figure 6C–D), and the pro-
portion of both MDSCs and neutrophils was significantly higher in
immunized mice than in sham animals (Figure 6E). In contrast, only
MDSCs augmented significantly with respect to the total number of
CD11b+-cells in EAE animals (Figure 6F).

Important immunosuppressive effects have been attributed to the
myeloid CD11b+/Ly-6Chi/Ly-6G–/low subpopulation extracted from
the spleen of Balb/C EAE mice (55). To determine whether this
subpopulation exhibited similar characteristics when isolated from
the spinal cord of EAE mice with a peak clinical score, anti-CD3/
CD28 stimulated splenic CD3+-cells from control mice were
exposed to MDSCs. After 48 h in co-culture, the cell cycle stage of
the CD3 cells was analyzed using a propidium iodide/RNase assay,
revealing a significant increase in the percentage of dead cells
(Figure 6G). A significant decrease in the proportion of CD3+-
stimulated cells in the SubG1 phase was also detected in the presence
of MDSCs (Figure 6G). In contrast, there was no significant
variation in the cells in either the G0-G1 or the S-G2-M phases
(Figure 6G). Together, the changes observed in lymphocytes when
co-cultured with the CD11b+/Ly-6Chi/Ly-6G-/low cells isolated from
the spinal cord of EAE animals confirm that these cells exhibit the
functional, as well as morphological and phenotypic characteristics
of MDSCs.

DISCUSSION
This is the first characterization of the presence and distribution of
Arg-I+-cells within the spinal cord of EAE mice. In this study,
Arg-I+-cell number peaked during the active phase (15 dpi) and it
decreased when the immune response became limited (25 dpi),
disappearing during the chronic period (35 dpi onwards). This
pattern is in accordance with the expression of Arg-I mRNA
described elsewhere (52). The number of Arg-I+-cells appeared to
parallel the clinical score of EAE mice and the different phases of
EAE. Indeed, Arg-I+-cells were detected exclusively when the
switch from pro-inflammatory to anti-inflammatory conditions
occurs and the active phase ends, limiting the immune response (1,
4, 22, 27, 45). Arg-I+-cells also expressed CD11b and Gr-1 (typical
markers of monocyte-derived cells and granulocytes, respectively),
allowing us to morphologically classify them as MDSCs (cells with

intermediate characteristics between monocyte-derived cells and
granulocytes). These two markers (CD11b and Gr-1) have been
used previously to classify and detect MDSCs in different patho-
logical conditions (6, 14, 23, 27, 34, 44, 48), including those
isolated from the spleen of Balb/C EAE mice (55). It is now
known that commonly employed anti-Gr-1 antibodies recognize
two complementary antigens, Ly-6C and Ly-6G (38, 53). Indeed,
during EAE in Balb/C mice, MDSCs have been identified as
Ly-6Chi/Ly-6G- cells (55). Although we observed an increase in
Ly-6Chi/Ly-6G–/low cells in the spinal cord of C57/BL6 EAE mice,
we were unable to identify differences in their immunohistochemi-
cal intensity in the CNS, as our Gr-1 antibody does not distinguish
between both markers. Nonetheless, we chose M-CSF1R (also
known as CD115) as an additional MDSC marker caused by its
specificity as a monocyte lineage marker (21, 43). Our data demon-
strating that Arg-I and M-CSF1R were co-expressed, corroborate
previous observations regarding the monocytic nature of MDSCs
isolated from the spleen in EAE (55). Moreover, the Gr-1/M-
CSF1R combination has been demonstrated as a better option to
identify MDSCs with the highest suppressive activity among all
CD11b+/Gr-1+-cells (28). One of the MDSC stimulating factors
is macrophage-colony stimulating factor (M-CSF) (10), whose
receptor M-CSF1R (also known as CD115) was identified in our
Arg-I+-MDSCs. In addition, we ruled out a possible neutrophilic
nature of Arg-I+-suppressive cells (54) based on their morphologi-
cal characteristics and the lack of expression of the polymorpho-
nuclear cell marker Ly-6B.2. Indeed, Arg-I+- and Ly-6B.2+-cells
were two completely independent cell populations. The scarce
Gr-1+-cells that did not display Arg-I immunoreactivity showed a
high staining intensity of the granulocyte marker, which could
indicate their more end-stage neutrophile profile (26). In our
experimental conditions, we found that M-CSF1R, CD11b and
Gr-1 were expressed by all Arg-I+-MDSCs at both 15 dpi and
25 dpi, indicating that Arg-I may be a useful marker for the most
immunosuppressive monocyte-derived MDSCs in CNS tissue.
Indeed, these Arg-I+-MDSCs may be responsible for the dramatic
increase in Arg-I expression observed in EAE (52).We found a
direct correlation in situ between the spatio-temporal distribution
of Arg-I+-MDSCs and that of apoptotic T lymphocytes in the spinal
cord during EAE. Both cell types were only evident at 15 dpi and
25 dpi, although more Arg-I+-MDSCs were detected at 15 dpi
(Figure 7), and both cell types were largely restricted to the demy-

Figure 7. The presence of Arg-I+-MDSCs
parallels the time course of EAE. The density
of Arg-I+-MDSCs parallels the changes in both
the percentage of apoptotic T cells and the
clinical score of EAE animals. (I) The highest
density of MDSCs and proportion of apoptotic
T cells occurred at the peak clinical score
(15 dpi). (II) Both these parameters decreased
after the immune response was limited
(25 dpi). At the beginning of the chronic phase
(III; 35 dpi) or the end of the analyzed time
course (IV; 63 dpi) the animals remained
symptomatic, although neither Arg-I+-MDSCs
nor apoptotic lymphocytes were detected.
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elinated area. Notably, MDSCs are extremely potent inhibitors of T
cell proliferation in vitro, acting by down-regulating the CD3z-
chain (40). Thus, the immediate function of MDSCs in EAE
appears to be to prevent activated T cells from entering the cell
cycle without inducing their own cell apoptosis. Although blocking
proliferation would eventually lead to apoptotic cell death (2, 55),
the absence of the mitotic marker PH3 in T lymphocytes in the
spinal cord of immunized animals, together with the insignificant
variation in the number of T cells that remained in cell cycle, points
to distinct suppressor activity of MDSCs once they enter the CNS.
Our data show that at 15 dpi and 25 dpi, most (if not all) apoptotic
CD4 or CD8 T cells were in direct contact with an Arg-I+-MDSC.
Although reports are controversial about whether MDSCs exclu-
sively provoke T lymphocyte apoptosis through cell–cell contact
(2, 49, 53), our data in EAE point to this imperative requirement as
we demonstrate this important morphological feature for the first
time in the CNS (53). This was corroborated in our co-cultures of
MDSCs and T cells as the presence of MDSCs isolated from EAE
spinal cord at the peak clinical score enhanced the death of acti-
vated lymphocytes.

The parallel between the number and distribution of Arg-I+-
MDSCs at the peak stage of EAE (15 dpi) and their self-limitation
after inflammation (25 dpi; Figure 7) are striking morphological
and functional correlations. In our EAE model, a slight clinical
improvement was observed after 15 dpi. This recuperation has
been attributed to a change in the inflammatory environment,
which shifts its composition toward Th2 cytokines (1, 3, 5, 50). It is
clear that the suppressor activity of MDSCs requires factors
derived from activated T cells that promote their activation, includ-
ing IL-4 and IL-13, which mediate Arg-I up-regulation in MDSCs
(8, 27, 41). The increased activity of Arg-I in MDSCs enhances
L-arginine catabolism, depleting this semi-essential amino acid
from the microenvironment (9). Such a situation would be pro-
moted when the number of Arg-I+-MDSCs is increased, as seen in
the present study. The shortage of L-arginine induces a decrease in
CD3z expression in T cells and, subsequently, the inhibition of
T cell proliferation and induction of T cell apoptosis (9, 18). Our
study is the first to explore the immunosuppressive nature of
MDSCs directly extracted from the spinal cord rather than from the
spleen: within the CNS, MDSCs mainly affect the survival rather
than the proliferation of T cells.

Our data are consistent with previous reports describing the
importance of MDSCs in EAE. Intravenously applied myeloid pre-
cursors transduced with microglial TREM2 (triggering receptor
expressed on myeloid cells-2) ameliorate clinical symptoms and
induce recovery from EAE (47). These cells were seen to migrate
into the CNS lesions, induce the clearance of myelin debris
and create an anti-inflammatory cytokine milieu. In addition, the
absence of CNS-derived IL-4, one of the most potent inducers of
Arg-I expression (36), results in a more severe EAE and an increase
in the number of infiltrating cells (39).

Myeloid precursors with the typical MDSC phenotype (CD11b/
CD115/Ly-6Chi) are also precursors of dendritic cells and M1 mac-
rophages (cells with pro-inflammatory activity) in EAE lesions,
but without showing Arg-I immunoreactivity (30). An explanation
for this apparent contradiction may be found in the different
microenvironments established in the CNS during the active versus
remitting/chronic phases of EAE. During the active phase of
EAE, the molecular environment gives rise to pro-inflammatory

dendritic/macrophagic cells that promote Th1 and Th17 polariza-
tion. It is possible that the CNS microenvironment evolves during
the course of the disease, such that infiltrating immature monocytes
are induced to adopt an innocuous or even immunosuppressive
phenotype when clinical remission takes place, as evident through
the induction of Arg-I by CD11b/Gr-1/M-CSF1R cells. Our data
suggest that both subsets of monocyte-derived cells (dendritic/
macrophagic cells and MDSCs) could co-exist during EAE, as
Arg-I+-cells represent only a subpopulation of the CD11b+-, Gr-1+-
and M-CSF1R+-cells.

Together, our data demonstrate that Arg-I is a useful marker to
discriminate a particular subpopulation of immature monocytes
(MDSCs) that modulates the immune response and that promotes T
cell apoptosis at a stage when inflammatory damage is limited.
The findings obtained from the EAE model point to the phar-
macogenetic manipulation and transplantation of this specific
Arg-I+-MDSC population as a promising therapeutic strategy to
effectively treat MS patients, thereby reducing the side effects that
general Arg-I inactivation may produce.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Figure S1. Spinal cords of sham mice showed no Arg-I expression
at 15 dpi (clinical score: 0). A–I: Whereas no Gr-1 immunostaining
was observed in the spinal cord of sham animals (A, C), CD11b+-
(D) and M-CSF1R+-microglial cells (G) were detected. In all three
cases, no Arg-I-immunoreactivity was detected (B, E–F, H–I).
Scale bar: A–C, G–I = 40 mm; D–F = 50 mm.
Figure S2. Quantification of Gr-1+-. CD11b+- and M-CSF1R+-
cells at the time points at which Arg-I+-cells were present. A–F: The
density of each MDSC marker paralleled that of the Arg-I+-cells
(Gr-1: A; CD11b: C; M-CSF1R: F). However, the percentage of
Gr-1+- (B), CD11b+- (D) or M-CSF1R +-cells (F) displaying Arg-I
immunoreactivity remained constant at both 15 dpi and 25 dpi. The
results were analyzed with the Student’s t test applying the critical
value of P < 0.001 (***).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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