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Abstract
The regulatory role of programmed death 1 (PD-1) was investigated in the development of
experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis. Typical
EAE could be induced by immunization without pertussis toxin (PTX) in PD-1-null but not in wild-
type (WT) mice. However, both strains developed a similar EAE phenotype when immunized with
PTX or by adoptive transfer of pathogenic T cells. In WT mice that did not develop EAE after
immunization without PTX, the frequency of CD4+FoxP3+ Treg cells was boosted in the periphery
but not in the thymus. This increase in Treg frequency was abrogated by PD-1 deficiency or inclusion
of PTX. In addition, PD-1 expression was critical to in vitro conversion of naïve myelin-specific
CD4 T cells into Treg cells and was directly related to Treg suppressive activity. Finally, PD-1 was
markedly down-modulated in the periphery of WT mice after administration of PTX. Therefore,
down-modulation of PD-1 in Treg cells may abrogate Treg-mediated immune suppression,
permitting the activation of myelin-reactive T cells and induction of EAE.
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Multiple sclerosis (MS) is a debilitating neurological disease with unknown etiology that has
a strong autoimmune component. The inflammatory phase of MS likely involves activation
and migration of myelin-reactive T cells across the blood–brain barrier (BBB), resulting in
damage to myelin and axons in the central nervous system (CNS). However, myelin-reactive
T cells are found normally in the periphery of healthy controls, without any apparent harm
(Hemmer et al., 2002). Similarly, transgenic mice that predominantly express myelin antigen-
specific T-cell receptors (TCRs) in their T cells usually do not spontaneously develop
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experimental autoimmune encephalomyelitis (EAE), an animal model of MS, unless
established on the SJL background (Waldner et al., 2000), kept in nonsterile environment
(Goverman et al., 1993; Bettelli et al., 2006), or challenged with immunization or microbial
agents. Thus, myelin-reactive T cells are not always encephalitogenic and require extraneous
factors to trigger the disease. In humans, it is believed that MS may be triggered by stressful
events such as microbial infections (van Noort et al., 2000). However, concrete evidence is
still lacking, and it is not clear exactly how these triggering factors activate myelin-reactive T
cells and initiate CNS-directed immune attack in vivo.

One of the main factors limiting the encephalitogenicity of myelin-reactive T cells is immune
tolerance. For example, many of the peptide sequences in myelin proteins are constitutively
expressed in the thymus of rodents, the notable exception being SJL/J mice, in which the
dominant disease-inducing peptide PLP-139–151 happens to differ from the thymic variants
and to escape central tolerance induction (Kuchroo et al., 1994). As a result, PLP-139–151-
specific T cells are intrinsically encephalitogenic, and pertussis toxin (PTX) is not required for
PLP-139–151 peptide in complete Freund’s adjuvant (CFA) to induce EAE in this mouse strain.
In other mouse strains, microbial agents such as PTX are necessary to break immune tolerance
and promote EAE induction.

Programmed death 1 (PD-1) has been demonstrated to play a crucial role in the development
and maintenance of peripheral tolerance (Keir et al., 2007). PD-1 gene-deficient (PD-1KO)
mice develop spontaneous autoimmune disorders similar to lupus-like glomerulonephritis,
arthritis, or dilated cardiomyopathy as early as 5 weeks of age. In MS patients, a PD-1
polymorphism was determined to be associated with disease progression, possibly through a
partial defect in PD-1-mediated inhibition of T-cell activation (Kroner et al., 2005). In the EAE
model, it was shown that genetic disruption of PD-L1, an identified PD-1 ligand that can also
bind to B7-1, converted an EAE-resistant mouse strain into a fully permissive one (Latchman
et al., 2004), suggesting that PD-L1 may be critically involved in the process of EAE induction.
However, a more precise role played by PD-1 in the development of MS and EAE has not been
elucidated.

In this study, we demonstrate that the expression levels of PD-1 represent a critical checkpoint
for the activation and infiltration of myelin-reactive T cells into the central nervous system
(CNS) and that PTX may enhance EAE susceptibility by modulating inhibitory effects of Treg
mediated through PD-1. Our results have significant implications in the context of MS
pathogenesis.

MATERIALS AND METHODS
Mice

Mice used in the experiments were age-matched (7–11 weeks old) females rested for at least
7 days prior to treatment or immunization. PD-1-null (PD-1KO) mice, which were back-
crossed with C57BL/6 (B6) mice for 11 generations, were from Dr. Honjo at Kyoto University
(Kyoto, Japan). B6 mice (used as WT controls), green fluorescence protein (GFP; under β-
actin promoter) mice, and 2D2 (mMOG-35–55 TCR transgenic) mice were from the Jackson
Laboratory (Bar Harbor, ME). FoxP3-GFP “knock-in” mice on the B6 background were
provided by Drs. Ziegler and Rudensky (University of Washington, Seattle, WA). Animals
were housed and cared for according to institutional guidelines in the animal resource facility
at the Veterans Affairs Medical Center (Portland, OR).
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Reagents
Mouse (m)MOG-35–55 peptide was purchase from Polypeptides (San Diego, CA). Incomplete
Freund’s adjuvant (IFA) was purchased from Sigma (St. Louis, MO). Mycobacterium
tuberculosis H37RA (MTB) was purchased from Difco (Detroit, MI). Complete Freund’s
adjuvant (CFA) was prepared by mixing 20 mg MTB with 10 ml IFA. PTX was purchased
from List Biological Laboratories (Campbell, CA). All antibodies (Abs) were purchased from
eBioscience (San Diego, CA). MicroBeads for MACS cell separation were purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany). DNase I and liberase were purchased from
Roche (Indianapolis, IN).

Induction of EAE
Mice were inoculated s.c. in the flanks with 0.2 ml of an emulsion containing 200 µg
mMOG-35–55 peptide and CFA containing 200 µg heat-killed MTB. When indicated, mice
were injected i.v. with 75 and 200 ng PTX on days 0 and 2, respectively. Passive EAE was
established according to a protocol published previously (Wang et al., 2006). Briefly, 8 days
after immunization without PTX, spleens and draining lymph nodes (LN) were removed, and
single-cell suspensions were produced. The mixed-cell suspension was cultured with 20 µg/
ml of MOG peptide at 8 × 106 cells/ml in stimulation medium (RPMI 1640 medium
supplemented with 0.1 mM nonessential amino acids, 2 mM L-glutamine, 0.1 mM sodium
pyruvate, 0.05 mM 2-mercaptoethanol, and 2% FBS) for 48 hr. The cells were washed twice
with RPMI and transferred i.v. into naïve recipients (20 × 106 cells/mouse in RPMI). The mice
were assessed daily for clinical signs of EAE: 0 5 normal, 1 = limp tail or mild hindlimb
weakness, 2 = moderate hindlimb weakness or mild ataxia, 3 = moderately severe hindlimb
weakness, 4 = severe hindlimb weakness or mild forelimb weakness or moderate ataxia, 5 =
paraplegia with no more than moderate forelimb weakness, and 6 = paraplegia with severe
forelimb weakness or severe ataxia, moribund condition, or dead.

Pathology
Intact spinal columns were removed from experimental mice at the end of each experiment.
The spinal cords were dissected after fixation in 4% paraformadehyde, dehydrated, and
embedded in paraffin before sectioning. To examine the tissue for demyelination, 7-µm
sections from the lumbar region of spinal cord were stained with Luxol fast blue plus periodic
acid Schiff (LFB-PAS) and recorded with a digital camera.

Flow Cytometry
At the end of each experiment, the spleens and LN were harvested and minced through a 200-
mesh screen to obtain a single-cell suspension. Intracellular staining for FoxP3 was performed
following the protocol recommended by eBioscience. Both membrane and intracellular PD-1
were stained. Data were collected on a FACSCalibur flow cytometer and analyzed in FlowJo
software (Tree Star, Ashland, OR). Data represent 50,000–100,000 events, unless otherwise
noted.

Mixed Lymphocyte Proliferation and T-Cell Suppression Assay
Treg-cell suppression of lymphocyte proliferation was assessed by anti-CD3 mAb activation
of CD4+ indicator cells mixed at different ratios with Treg cells plus APC (Wang et al.,
2006). The T-cell suppression assay was a modified mixed-lymphocyte proliferation assay
including Treg cells. WT, PD-1KO, or FoxP3-GFP “knock-in” mice were immunized 2 weeks
before the suppression experiments. CD4+FoxP3+ and CD4+CD25− cells from WT and
PD-1KO mice as well as CD4+GFP+PD-1+ and CD4+GFP+PD-1− cells from FoxP3-GFP mice
were sorted with a FACSorter. APCs were irradiated, T-cell-depleted (by CD90 microbeads
on AutoMACS) splenocytes from naïve WT mice. Assays were set up according to a standard
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protocol (Polanczyk et al., 2007). I50 was determined as the ratio of indicator/suppressor cells
that produced 50% inhibition of proliferation responses to anti-CD3/C28 mAb. Suppressive
index (SI) = 100–I50.

In Vitro Conversion Assay
Naïve mMOG-35–55-specific CD4 T cells (CD4+CD25−CD62L+) and dendritic cells (DCs;
CD11c+) were isolated by FACS from liberase-digested spleens of 2D2 (mMOG-35–55-
specific TCR-transgenic) mice. Briefly, whole spleens were injected with HBSS containing
50 µg/ml DNase I and 250 mg/ml liberase and incubated at 37°C for 10 min before being
minced and washed through a 200-mesh screen with RPMI. Isolated CD4 T cells or DCs were
then incubated with neutralizing anti-PD-1 antibody (α-PD-1, NA/LE) or PBS for 30 min at
4°C and washed twice with ice-cold RPMI. For conversion, 50,000 CD4 T cells and 30,000
DCs were cultured in 200 µl RPMI media containing 2% FBS, 250 ng/ml mMOG-35–55
peptide, and 50 U/ml recombinant human interleukin-2 (IL-2) for 2 days at 37°C. Transforming
growth factor-β (TGFβ; 2 ng/ml) was added as indicated. The incubation groups included the
following combinations: 1) CD4 T cells (preincubated with PBS), DCs (preincubated with
PBS), and mMOG-35–55 peptide; 2) CD4 T cells (preincubated with PBS), DCs (preincubated
with PBS), mMOG-35–55 peptide, and TGFβ; 3) CD4 T cells (preincubated with α-PD-1),
DCs (preincubated with PBS), mMOG-35–55 peptide, and TGFβ; and 4) CD4 T cells
(preincubated with PBS), DCs (preincubated with α-PD-1), mMOG-35–55 peptide, and
TGFβ. At the end of incubation, cells were washed with staining buffer and stained for CD4,
FoxP3, and IgG.

RESULTS
PD-1 Deficiency Overrode the Necessity of PTX in EAE Induction

To test whether deficiency of PD-1 would affect EAE induction and development, we
immunized PD-1KO and WT mice with mMOG-35–55 peptide/CFA in the presence or absence
of PTX. Interestingly, although the scores of clinical EAE induced by immunization in the
presence of PTX were similar for both strains (Fig. 1A), immunization in the absence of PTX
resulted in distinct clinical outcomes: although no clinical or histological sign of EAE were
discernible in WT mice, typical EAE developed in PD-1KO mice (Fig. 1B,C). Thus, PD-1
deficiency rendered hyperreactivity to PD-1KO mice and overrode the necessity of PTX in
EAE induction. However, the severities of clinical EAE in PD-1KO mice immunized in the
presence and absence of PTX and WT mice immunized with PTX were similar. When
stimulated in vitro with mMOG-35–55 peptide, splenocytes obtained from WT mice 40 days
after immunization in the absence of PTX proliferated significantly, although at a somewhat
lower level than from PD-1KO mice (Fig. 1D), indicating the existence of mMOG-35–55-
reactive T cells in both mice as expected. The differential susceptibility to EAE induction in
WT and PD-1KO mice with and without PTX implies a critical role for PD-1 in EAE initiation.

Immunization in the Absence of PTX Up-Regulated Treg in a PD-1-Dependent and PTX-
Sensitive Manner

CD4+FoxP3+ Treg cells act to suppress the activation of autoreactive T cells and thereby
maintain immune homeostasis and tolerance to self-antigens (Sakaguchi et al., 2008). We
investigated whether these cells played an important role in causing differential susceptibility
of PD-1KO and WT mice to EAE induction. In the absence of PTX, immunization with
mMOG-35–55 peptide/CFA significantly boosted the frequency of CD4+FoxP3+ Treg cells in
the periphery of WT mice (Fig. 2). These increased Treg cells seemed to be generated in the
periphery, because there was no increase in Treg-cell frequency in the thymus (data not shown).
In PD-1KO mice, on the contrary, immunization in the absence of PTX did not induce any
significant up-regulation of Treg cells. Similarly, challenging the mice with PTX in the
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immunizing regime prevented up-regulation of Treg with mMOG-35–55/CFA. PTX did not
alter the frequency of Treg cells in PD-1KO mice, indicating that PTX may depend on the
presence of PD-1 to influence Treg cells. Our result indicated that both PD-1 and PTX may
regulate sensitivity to EAE induction by up-regulation of Treg cells in the periphery but not in
thymus.

DC and TGFβ-Induced Treg Conversion Was Dependent on PD-1
It has been reported that PD-L1 signaling regulates the generation of adaptive Tregs in the
periphery (Habicht et al., 2007; Wang et al., 2008). We therefore set up an in vitro conversion
assay to test whether naive mMOG-35–55-specific CD4 T cells could be induced to become
Treg cells and whether PD-1 was involved. As shown in Figure 3, DCs plus TGFβ induced a
potent conversion from mMOG-35–55 peptide-specific naïve CD4+ T cells to Treg cells in the
presence of mMOG-35–55 peptide (0.05% ± 0.05% to 1.6% ± 0.0.6% FoxP3+ cells; P < 0.01).
Preincubation of naïve CD4 T cells with α-PD-1 mAb strongly reduced this conversion
compared with preincubation of DC with the mAb (0.08% ± 0.03% vs. 0.75% ± 0.25%
FoxP3+ cells; P < 0.01; Fig. 3). Thus, the newly generated Treg cells in mMOG-35–55 peptide/
CFA-immunized WT mice without PTX are most likely adaptive Treg cells, whose generation
depends on the presence of PD-1.

PD-1 Was Important for Treg Suppression
We next studied whether the expression level of PD-1 could be linked to the suppressive activity
of CD4+FoxP3+ Treg cells. As shown in Figure 4A, Treg cells obtained from PD-1 KO mice
were much less suppressive than those from WT mice. The suppressive indices (SIs) of
PD-1KO and WT Treg cells were 37.6 and 60.9, respectively (higher SI indicates more
suppression). On the other hand, FACS-sorted CD4+GFP+PD-1+ and CD4+GFP+PD-1− Treg
cells from the spleens of FoxP3-GFP “knock-in” mice also showed different suppressive
activities: PD-1+ Treg (SI = 90.8) were far more suppressive than PD-1− Treg (SI = 59.4) cells
(Fig. 4B). Thus, down-regulation of PD-1 expression not only reduced the frequency but also
affected the function of splenic CD4+FoxP3+Treg cells.

PD-1 Had No Effect on Passive EAE Induced by Activated T Cells
Our result showing that immunization with and without PTX induced similarly severe EAE in
PD-1KO mice indicated that PD-1 may have little effect in restraining the encephalitogenicity
of myelin-reactive T cells once they are activated. To reinforce this finding, we restimulated
splenocytes and lymph node cells from mMOG-35–55 peptide/CFA-immunized GFP mice in
vitro with mMOG-35–55 and transferred the activated cells back into naïve PD-1KO or WT
recipients. As expected, passively transferred T cells caused EAE with similar severity in both
strains (Fig. 5A). No differences were observed in the numbers of CD4+FoxP3+ (GFP−)
recipient-derived cells in the two strains of mice (Fig. 5B). Moreover, donor Treg cells
(GFP+) were not detected in recipient mice.

PTX Treatment Down-Regulated PD-1 Expression in Treg Cells
We next investigated whether PTX treatment can affect the expression level of PD-1 in WT
mice developing EAE. Administration of PTX sharply reduced the expression of PD-1 in Treg
cells in the spleen and LN harvested from WT mice euthanized 6 days after immunization with
mMOG-35–55 peptide/CFA (Fig. 6) but not in naïve WT mice (data not shown). Thus, PTX
treatment down-regulated PD-1 expression in Treg cells, but only in immunized mice. Insofar
as PD-1 expression in CD4+FoxP3− cells was much (~50%) lower than that in CD4+FoxP3+

Treg cells, it is unlikely that its fluctuation would contribute significantly to EAE regulation,
although it was further reduced by PTX (Fig. 6). Interestingly, PTX treatment (200 µg/ml) in
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vitro did not affect anti-CD3-stimulated up-regulation of PD-1 in Treg cells in cultured
splenocytes (data not shown).

DISCUSSION
PD-1 has been recognized as a crucial player in the development and maintenance of peripheral
tolerance and immune homeostasis (Keir et al., 2007). However, little is known about the role
of PD-1 in regulating onset and development of MS and EAE. In this study, we showed that
EAE could be initiated in PD-1KO mice without facilitation by PTX, whereas administration
of PTX prominently down-regulated the expression level of PD-1 in CD4+FoxP3+ Treg cells
in the periphery of WT mice. In addition, we showed that PD-1 expression level was critical
to maintaining the frequency and suppressive activity of Treg cells. It seems that down-
regulation of PD-1 expression reduced the frequency and suppressive activities of Treg cells
and thus permitted myelin-reactive T cells to launch an immune attack. Our in vitro data showed
that PD-1 is critical for naïve CD4 T cells to convert to antigen-specific Treg cells. We can
conclude, based on these results, that the PD-1 expression level is a critical checkpoint for the
peripheral myelin-reactive T cells to initiate EAE and that PTX may enhance EAE induction
by down-regulating PD-1 expression.

In the context of MS pathogenesis, this finding may have significant implications. It is assumed
that infectious events, which are presented to the immune system as “danger signals,” may
help to break immune tolerance and trigger CNS-directed attack from myelin-reactive T cells
regularly circulating in the periphery (van Noort et al., 2000). Although several possible
mechanisms were proposed, including molecular mimicry, bystander activation, epitope
spreading, superantigenic activation of T cells, and activation of αB-crystallin-reactive T cells
(van Noort et al., 2000; Wang et al., 2006), their existence in human disease has not been
supported by solid evidence. We propose, based on our data from this study, that PD-1 may
serve as an important link between microbial infection and onset of MS, insofar as PD-1
expression is essential for keeping myelin-reactive T cells in check and PTX can prominently
down-regulate PD-1 expression. Our hypothesis is strengthened by the association of a PD-1
polymorphism with MS progression (Kroner et al., 2005). To draw a more concrete conclusion,
however, we would have to measure the PD-1 expression in patients with different types of
microbial infections and to determine whether PD-1 down-regulation or dysfunction activates
myelin-reactive T cells in MS patients.

This study also revealed a novel mechanism for the disease-enhancing action of PTX.
Classically, it is believed that PTX exacerbates EAE by increasing the permeability of the BBB
(Linthicum et al., 1982; Bruckener et al., 2003). Recently, PTX was shown to enhance rolling
and adhesion of activated T cells on pial vessels by inducing P-selectin expression in a TLR4-
dependent manner (Racke et al., 2005; Kerfoot et al., 2006). PTX also decreased the frequency
and function of Treg cells (Cassan et al., 2006; Chen et al., 2006) and the production of IL-6
and IL-10 in mast cells (Mielcarek et al., 2001). Finally, PTX increased both Th1 and Th2
responses (Ryan et al., 1998; Shive et al., 2000; Hofstetter et al., 2002) and inhibited
chemokine-induced lymphocyte migration (Cyster and Goodnow, 1995; Alt et al., 2002). Our
results identified PD-1 as a novel target of PTX, which regulated CD4+FoxP3+ Treg cells
through regulation of PD-1. It remains to be determined how PTX-induced down-regulation
of PD-1 is related to other known PTX actions, such as activation of TLR4.

PTX may not be the only microbial agent that regulates PD-1 on immune cells. It was shown
previously that PD-1 expression on murine B cells was markedly reduced by signals associated
with immune system danger, including lipopolysaccharide, CpG oligodeoxynucleotides, and
several proinflammatory cytokines (Zhong et al., 2004; Okazaki and Honjo, 2007). On the
other hand, a variety of microorganisms that cause chronic infections were shown to up-
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regulate PD-1 expression on CD8+ cells in individuals infected with chronic lymphocytic
choriomeningitis, human immunodeficiency, and hepatitis C viruses (Barber et al., 2006; Day
et al., 2006; Petrovas et al., 2006; Trautmann et al., 2006; Urbani et al., 2006; Okazaki and
Honjo, 2007). To our knowledge, it has not been previously reported that a microbial agent
reduced PD-1 expression on CD4+ T cells, and especially Treg cells. Whether PTX can change
the PD-1 expression on other cell types and whether other microbial agents can regulate PD-1
expression on Treg cells are interesting topics currently being investigated.

The sources of increased number of Treg cells upon immunization challenge without PTX in
WT were also investigated. Because thymic FoxP3+ cells were not changed, the Treg cells
were likely generated in the periphery. Our in vitro conversion study clearly showed that
TGFβ-activated DCs could induce a potent transition from naïve mMOG-35–55-specific CD4
T cells to Treg cells. This process was dependent on the presence of PD-1 in CD4 T cells, but
not in DCs. Presumably, it is possible that immunization excluding PTX might facilitate the
peripheral conversion by inducing production of TGFβ. As a result, EAE could not be initiated
because of newly generated adaptive Treg cells. In PD-1KO or PTX-challenged WT mice,
however, the conversion was interrupted by PD-1 deficiency or down-regulation.
Consequently, EAE could be initiated.

Overall, we ahve shown that PD-1 is critically involved in EAE initiation by regulation of
adoptive Treg-cell generation and activity. PTX may enhance EAE susceptibility by down-
regulating PD-1. Our findings may advance the understanding of pathogenesis and
immunoregulation in MS and may facilitate the development of novel therapeutic strategies
for MS by targeting PD-1.
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Fig. 1.
The deficiency of PD-1 alters immune tolerance to mMOG-35–55 peptide in the absence of
PTX. A: Immunization with mMOG-35–55 peptide/CFA in the presence of PTX induced EAE
with similar severity in WT and PD-1KO mice; n = 6–10. B: Immunization with mMOG-35–
55 peptide/CFA in the absence of PTX induced EAE in PD-1KO mice but not in WT mice.
**P < 0.01 as assessed by the Mann-Whitney test (n = 5). C: Immunization in the absence of
PTX caused demyelination in PD-1KO but not in WT mice. D: Splenocytes from WT and
PD-1KO mice proliferated in vitro to mMOG-35–55 peptide. Splenocytes and LN cells were
obtained ex vivo from mice used in A at the end of the experiment. *P < 0.05. PTX was injected
into mice on days 0 and 2.
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Fig. 2.
The percentage of CD4+FoxP3+ Treg cells was markedly increased by immunization with
mMOG-35–55 peptide/CFA in the absence of PTX in WT but not in PD-1KO or PTX-
administered WT mice. Splenocytes were obtained from naïve or mMOG-35–55 peptide/CFA
(in the presence or absence of PTX)-immunized WT or PD-1KO mice used in Figure 1B. The
cells were stained with Abs for CD4, FoxP3, and rat IgG2a (or isotope control), and data were
analyzed with FlowJo software. There was virtually no staining by the isotope control (not
shown). The percentages of Treg cells in CD4 T cells were calculated as percentage of
CD4+FoxP3+ cells/(% of CD4+FoxP3+ cells + percentage CD4+FoxP3−) × 100%. ***P <
0.001 as measured by one-way ANOVA, followed by Newman-Kuels test; n = 5–8.
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Fig. 3.
Neutralizing PD-1 in naïve mMOG-35–55 peptide-specific CD4 T cells, but not DCs, abolished
the generation of adaptive Tregs in vitro. Naïve CD4 T cells (CD4+CD25−CD62L+) or DCs
(CD11c+) were isolated by FACS and preincubated with anti-PD-1 (α-PD-1, NA/LE) or PBS.
In total 50,000 naïve CD4 T cells and 30,000 DC (CD11c+) were cultured for 2 days with
mMOG-35–55 peptide and IL-2, with and without TGFβ. The incubation groups included the
following combinations: 1) CD4 T cells (preincubated with PBS), DCs (preincubated with
PBS), and mMOG-35–55 peptide; 2) CD4 T cells (preincubated with PBS), DCs (preincubated
with PBS), mMOG-35–55 peptide, and TGFβ; 3) CD4 T cells (preincubated with α-PD-1),
DCs (preincubated with PBS), mMOG-35–55 peptide, and TGFβ; and 4) CD4 T cells
(preincubated with PBS), DCs (preincubated with α-PD-1), mMOG-35–55 peptide, and
TGFβ. At the end of incubation, cells were stained for CD4, FoxP3, and IgG. **P < 0.01 as
measured by Student’s t-test; n = 4. The experiment was repeated twice.
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Fig. 4.
PD-1 expression was related to the suppressive activity of CD4+FoxP3+ Treg cells. A: PD-1
deficiency impaired the suppressive function of Treg cells from PD-1KO mice. B:
CD4+PD-1+GFP+ Treg cells had greater suppression than CD4+PD-1−GFP+ Treg cells from
FoxP3-GFP “knock-in” mice. CD4+FoxP3+ (in A) or CD4+PD-1+GFP+ and
CD4+PD-1−GFP+ (in B) cells were sorted from splenocytes of immunized PD-1KO and WT
B6 mice (in A) or FoxP3-GFP “knock-in” mice (in B). The suppressive activities of
CD4+FoxP3+ cells from PD-1KO vs. WT mice or CD4+PD-1+GFP+ vs. CD4+PD-1−GFP+

from FoxP3-GFP “knock-in” mice were compared ex vivo by using the T-cell suppression
assay. CD4+FoxP3− (in A) or CD4+GFP− (in B) cells from the same batch of mice were used
as responder cells and T-cell-depleted splenocytes from naïve WT mice were used as APCs.
The experiment was repeated twice with five mice per group in each experiment.
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Fig. 5.
WT and PD-1KO recipient mice that received passively transferred mMOG-35–55 peptide-
reactive T cells developed EAE with similar severities (A) and had similar numbers of
CD4+FoxP3+ Treg cells (B). Spleen and LN cells were obtained from 15 female GFP mice
immunized with mMOG-35–55 peptide/CFA for 8 days, restimulated in vitro for 2 days, and
transferred at 20 × 106 blast cells/mouse by i.v. injection into WT or PD-1KO recipients (n =
6 for WT mice; n = 8 for PD-1KO mice). Recipients were euthanized 27 days after transfer to
detect the frequency of CD4+FoxP3+ cells in both CD4+ T cells and whole-lymphocyte
populations. The numbers of Treg cells in naïve WT and PD-1KO mice were also analyzed
and included in the figure as baseline controls.
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Fig. 6.
Administration of PTX reduced PD-1 expression in FoxP3+ and FoxP3− CD4 T cells. Six days
after immunization with mMOG-35–55 peptide/CFA in the presence or absence of PTX, WT
mice were euthanized, and the PD-1 expression levels in CD4+FoxP3+ and CD4+FoxP3− cells
in both splenocytes and LN cells were analyzed. **P < 0.01 as measured by Student’s t-test
(n = 5). The experiment was repeated twice.
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