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Abstract
The Bowman-Birk inhibitor (BBI) is a soybean-derived serine protease inhibitor with anti-
inflammatory properties. Experimental autoimmune encephalomyelitis (EAE) serves as an animal
model of the central nervous system (CNS) inflammatory disorder multiple sclerosis (MS). EAE is
mediated by Th1 and Th17 cells which migrate into the CNS and initiate inflammation directed
against myelin components, resulting in CNS pathology and neurological clinical deficit. We have
shown previously that oral treatment with BBI delays onset of EAE and reduces its severity. These
beneficial effects were associated with an increase in IL-10 secretion by immune cells of BBI-
treated mice. It is not known, however, whether this was a causal relationship or simply an
epiphenomenon. In the present study we provide evidence that BBI regulates CD4+ T cell immune
responses in EAE. BBI administration delayed the onset of EAE and reduced its severity in an
IL-10-dependent manner, as BBI-mediated suppression of EAE was abrogated in IL-10 knockout
mice. The beneficial effects were accompanied by reduced IFN-γ, IL-17 and increased IL-10
production, as well as increased Foxp3 expression. CD4+ T cells were the major source of IL-10
in the periphery and in the CNS during BBI treatment. Furthermore, BBI-treated mice had reduced
numbers of infiltrated cells in the CNS, including Th17 cells, as compared with PBS-treated
control animals. In conclusion, our data provide clear evidence for the essential role of IL-10 in
BBI-mediated suppression in EAE, and indicate that BBI may be a promising candidate for the
development of a novel MS therapy.
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1. INTRODUCTION
Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system
(CNS) characterized by progressive demyelination of the brain and spinal cord and
accumulation of neurological deficit (Keegan and Noseworthy, 2002). Experimental
autoimmune encephalomyelitis (EAE) is an animal model of MS used to study its
pathogenic mechanisms and test potential therapies (Cruz-Orengo et al., 2011). In EAE,
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myelin-specific CD4+ T lymphocytes migrate into the CNS and mediate neuronal
demyelination and damage, similar to that in MS patients (Axtell et al., 2010).

The Bowman-Birk inhibitor (BBI) is a soybean-derived protease inhibitor comprised of 71
amino acid residues, 7 disulfide bonds and with a molecular weight of 8 kDa. BBI can
withstand boiling water temperature, is resistant to a wide pH range and proteolytic enzymes
of the gastrointestinal tract; it is orally bioavailable, and non-allergenic (Marin-Manzano et
al., 2009; Park et al., 2007; Losso et al., 2008). BBI is functionally a double-headed serine
protease inhibitor that inhibits both trypsin- and chymotrypsin-like proteases (Birk,Y.,
1985). Thus far, several human serine proteases, associated with function of inflammatory
cells, have been shown to be highly sensitive to inhibition by BBI, including elastase, alpha-
chymotrypsin, chymase and cathepsin G (Ware et al.,1997; Larionova et al., 1993). It is
likely that there are additional, yet unknown, serine proteases susceptible to inhibition by
BBI. BBI is effective suppressor of carcinogenesis (Daly et al., 2006), and has anti-
inflammatory effects (Qi et al., 2005). Our previous studies indicated that BBI reduces
inflammation in EAE and attenuates neuronal loss, making it a potential candidate for oral
therapy in MS (Touil et al., 2008). However, the mechanism by which BBI ameliorates EAE
is currently unclear.

IL-10 was first described as a factor produced by Th2 cells, which inhibits cytokine
production by Th1 cells (Fiorentino et al., 1991). It has been demonstrated that IL-10
inhibits the production of a wide range of T-cell cytokines by affecting antigen presentation
and co-stimulation mediated by antigen-presenting cells (APCs) (de Waal Malefyt et al.,
1991). IL-10 also plays an important role in the regulation of autoimmune injury in EAE, as
evidenced by increased susceptibility of IL-10-/- mice to EAE (Bettelli et al., 1998), whereas
mice over-expressing IL-10 are highly resistant to EAE induction (Cua et al., 1999). Also,
further studies have shown that increased IL-10 levels in spinal cord correlate with EAE
remission, and exogenous administration of IL-10 effectively ameliorated EAE when
targeted directly to the CNS (Croxford et al., 2001). Similarly, lower production of IL-10 in
humans appears to be a risk factor for MS, as accumulative data have shown that MS
patients had lower IL-10-secreting T cell frequency (Vandenbark et al., 2001) than controls.
Overall, experimental findings indicate that IL-10 has an important disease suppressor
function in both EAE and MS.

Regulatory T cells (Tregs) are a CD4+ T cell subset with potent immune-suppressive
activities that are critical for maintaining self-tolerance and immune homeostasis (Fontenot
et al., 2005). Tregs are activated by interactions with APCs, then transmigrate to
inflammation sites and draining lymphoid organs where they suppress T-cell activation
(Mahnke et al., 2003). Defects in Treg function invariably result in autoimmunity and
inflammatory diseases. (Sakaguchi et al., 2008; Shevach, 2000). Tregs play an important
protective role in EAE based upon the finding that mice depleted of Treg cells exhibit an
increased susceptibility to EAE (Akirav et al., 2009), whereas adoptive transfer of Tregs
reduces EAE incidence (Stephens et al., 2009). In addition, mice expressing a transgenic T
cell receptor specific for myelin basic protein (MBP) and lacking recombination-activating
genes (RAGs) spontaneously develop EAE due to the absence of Tregs (Matejuk et al.,
2003).

The goal of the present study was to investigate potential immunological mechanisms
underlying the effects of BBI in EAE. Here, we show that BBI significantly delayed EAE
onset and reduced its clinical severity. EAE suppression was associated with the reduced
numbers of immune cells that infiltrated into the CNS during disease, enhanced production
of IL-10 and increased numbers of CD4+CD25+Foxp3+ Tregs. Most important, we show
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that IL-10 production is essential for a beneficial effect of BBI in EAE, as evidenced by the
inability of BBI to suppress EAE development in IL-10-/- mice.

2. MATERIAL AND METHODS
2.1. Mice

C57BL/6 and IL-10-/- mice were purchased from the Jackson Laboratory. Experimental
mice were housed in the animal facility at the Thomas Jefferson University for at least one
week before inclusion in experiments. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Thomas Jefferson University.

2.2. Reagents
The Bowman–Birk inhibitor (BBI) was purchased from Aldrich Sigma (St. Louis, MO). The
following antibodies for flow cytometry were from BD Biosciences: anti-CD4 (RM4-5),
anti-CD25 (clone PC-61), anti-IFN-γ (XMG1.2), anti-IL-17A (TC11-18H10), anti-IL-10
(AF-417-NA) and anti-CD16/32 (2.4G2). Anti-Foxp3 (FJK-16s) was from eBioscience.
DuoSet ELISA kit used to quantify IL-10 was from R&D Systems.

2.3. Induction of EAE and BBI treatment
Active EAE was induced in female C57BL/6 mice as previously described (El-Behi et al.,
2009). Briefly, female 8- to 10-week-old wild-type or IL-10-/- mice were immunized
subcutaneously at two sites on the back with 180 μg MOG35–55 in complete Freund’s
adjuvant containing Mycobacterium tuberculosis strain H37Ra (5 mg/ml; Difco). Mice were
injected intraperitoneally on days 0 and 2 with 200 ng pertussis toxin (Difco) in PBS. Mice
immunized with MOG35-55 were treated daily with BBI (1 mg/day or 3 mg/day) dissolved in
PBS or PBS by oral gavage from the day of immunization.

2.4. Isolation of CNS-infiltrating cells
EAE mice were sacrificed, and brains and spinal cords were removed and pooled after
transcardial perfusion with PBS. Tissues were mechanically dissociated through a 100-μm
strainer and washed with PBS. The resultant pellet was fractionated on a 60–30% Percoll
step gradient by centrifugation at 300g for 20 min. Infiltrating mononuclear cells were
collected from the interface and washed, then were counted and analyzed by flow cytometry
as described below.

2.5. Flow cytometry
For intracellular staining, cells were stimulated for 4 h with PMA (50 ng/ml; Sigma) and
ionomycin (500 ng/ml; Sigma) and were treated with GolgiPlug (1 μg per 1 × 106 cells; BD
Pharmingen). In the staining procedure, Fc receptors on cells were first blocked with anti-
CD16-CD32 (2.4G2; BD Pharmingen) and surface and intracellular staining was done
according to manufacturer’s instructions for staining with Fix & Perm reagents (Caltag
Laboratories). Data were acquired on a FACSAria (BD Biosciences) and analyzed with
FlowJo software (TreeStar).

2.6. ELISA
Splenocytes and lymph nodes cells were cultured with MOG35-55 for 3 days; thereafter
supernatants were harvested and analyzed for IL-10 by ELISA kits according to the
manufacturer’s instructions.
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2.7. Evaluation of blood-brain barrier permeability
A 2% solution of Evans Blue in normal saline (4 ml/kg of body weight) was injected
intraperitoneally. The stain was allowed to circulate for 24 hrs. Afterwards, mice were
transcardially perfused with 50 ml PBS, and brain tissue was removed, homogenized in PBS
and centrifuged (30 min, 15,000 rcf, 4 °C). The supernatant was collected and an equal
amount of 50% trichloroacetic acid was added, incubated overnight at 4 °C, and then
centrifuged (30 min, 15,000 rcf, 4 °C). Evans Blue concentration was measured at 610 nm
and determined using the standard curve. Results are presented as the ratio between μg of
Evans Blue/g of tissue from mice with EAE and naïve mice.

2.8. Real-time PCR
Total RNA was prepared from mononuclear cells isolated from the CNS of mice with EAE
treated with BBI or PBS, using RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized with a reverse transcription kit (Applied Biosystems).
Primer pairs for quantitative real-time PCR were from Applied Biosystems. Gene expression
was analyzed by TaqMan real-time PCR (Applied Biosystems). Ribosomal 18S RNA was
used as an endogenous control in all experiments. Error bars indicate SEM values calculated
from -ΔΔCt values from triplicate PCR reactions, according to Applied Biosystems
protocols.

2.9. Statistics
The two-tailed Student’s t test and the χ2 test were used to analyze the significance of
results. Additionally, analysis of variance (ANOVA) was used for comparison of average
clinical scores. P values of less than 0.05 were considered significant.

RESULTS
BBI suppresses EAE and induces IL-10 production

To investigate the role of BBI in the development of EAE, C57BL/6 mice were immunized
with encephalitogenic MOG35-55 peptide and treated with 1 or 3 mg/mouse/day of BBI from
day 0 p.i. BBI treatment significantly delayed the onset of EAE and reduced severity of
clinical EAE (Table 1), with the higher BBI dose (3 mg) being more effective (Fig. 1A).
However, once BBI-treated mice started to develop clinical EAE they continued to
accumulate clinical deficit at a pace similar to control mice, indicating that BBI primarily
delayed disease onset, but did not have a substantial effect on disease progression thereafter.
In agreement with our previous findings, inflammatory cells infiltrated the CNS of BBI-
treated mice in significantly lower numbers than with PBS-treated mice (Fig. 1B). This was
true for all three time points p.i. analyzed, and, rather unexpectedly, at day 21 p.i. when
disease severity in BBI- and PBS-treated mice became similar, indicating that inflammatory
infiltration does not necessarily always correlate with observed clinical deficit. Despite
similar clinical scores at day 21 p.i. mice treated with 3 mg/day of BBI had more
inflammatory cells in their CNS than those treated with 1 mg/day of BBI. A possible
explanation for this discrepancy is that disease onset having occurred on different days,
these two treatment groups were in different phases of disease development, with mice in 3
mg/day group still being in the phase when influx of peripheral cells into the CNS is more
vigorous than in the 1 mg/day group.

In agreement with our previous findings (Touil et al., 2008), BBI treatment resulted in
significantly increased IL-10 production by draining lymph node cells harvested on day 21
p.i. and stimulated with anti-CD3/28 (Fig.1C). Cells of mice treated with 3 mg/day of BBI
produced more IL-10 than those of mice treated with 1 mg/day of BBI, which correlates
with stronger overall EAE suppression mediated by a higher BBI dose. Whether the higher
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BBI dose enhanced IL-10 expression of BBI in T cells, promoted development of more
IL-10 producing T cells, or retarded their egress from lymph nodes, thus increasing their
proportion there, remains unclear.

BBI-mediated protection against EAE is abated in IL-10-/- mice
We have shown that BBI induces IL-10 production (Touil et al., 2008) in a dose-dependent
manner (Fig. 1C), suggesting that IL-10 may play a role in BBI-mediated protection against
EAE. We next used IL-10-/- mice to test that possibility. To this end, IL-10-/- and wild-type
(WT) control mice were immunized for EAE induction and treated daily with BBI or PBS
by oral gavage. As expected, treatment of WT mice with BBI delayed the onset of clinical
disease, while in IL-10-/- mice, BBI had no effect (Fig. 2A), demonstrating that IL-10 plays
an essential role in BBI-mediated suppression of EAE. After delayed disease onset, BBI-
treated WT mice continued to accumulate clinical deficit until day 24.p.i. when their disease
became as severe as in PBS-treated mice. These data indicate that BBI does not permanently
suppress EAE, but rather substantially delays disease development.

We next sought to investigate whether IL-10 is required for the reduction of CNS
inflammatory infiltration typically induced by BBI treatment. As shown in Fig. 2B,
treatment with BBI significantly reduced infiltration of inflammatory cells into the CNS of
WT mice, with approximately 50% reduction in their numbers at both time points analyzed.
In contrast, there was no difference in CNS infiltration between PBS-treated and BBI-treated
IL-10-/- mice (Fig. 2B), confirming that IL-10 production is necessary for anti-inflammatory
effects of BBI in EAE. Total numbers of mononuclear cells isolated on days 7 and 21 p.i.
from the CNS of IL-10-/- mice treated with PBS and BBI, and PBS-treated WT mice were
similar (data not shown).

To test whether IL-10 plays a role in the maintenance of blood-brain barrier (BBB) integrity
by BBI in EAE mice, we used Evans blue dye. As shown in Fig. 2C, BBI-treated EAE mice
had a significantly lower content of Evans blue in the brain when compared with PBS-
treated mice. In contrast, BBI-treated IL-10-/- mice had somewhat increased levels of Evans
blue in the brain compared to IL-10-/- mice treated with PBS. These results were in
agreement with clinical disease severity and the extent of inflammatory infiltration, further
supporting the conclusion that IL-10 is necessary for beneficial effects of BBI in EAE.

EAE is mediated by encephalitogenic T cells that produce inflammatory cytokines such as
IL-17 (Th17) and IFN-γ (Th1) (El-behi et al. 2010). Thus, we used flow cytometry to
analyze the effects of BBI on the numbers of IL-17- and IFN-γ-producing CD4+ T cells
among cells that infiltrated the CNS. BBI-treated mice displayed a substantial decrease in
the proportions of both IL-17-producing Th17 cells and IFN-γ producing Th1 cells as
compared with those of PBS-treated control animals, whereas in IL-10-/- mice, BBI
treatment did not have such an effect at two time points analyzed (Fig. 2D). On the other
hand, BBI-treated mice had a higher proportion of IL-10-producing cells in the CNS
compared to PBS-treated mice (Fig. 2E). Taken together, these findings suggest that BBI
limits the infiltration of inflammatory cells into the CNS, reducing Th17 and Th1 responses
in the CNS during EAE development, and that IL-10 is required for EAE suppression by
BBI.

CD4+ T cells are the major source of IL-10 following BBI treatment
Our previous and current data demonstrate that BBI enhances IL-10 production by immune
cells (Touil et al., 2008). To define the cellular source of IL-10, we harvested mononuclear
cells from spleen and LNs on day 7 p.i. and stimulated them with MOG35-55. Cells derived
from LNs of BBI-treated mice produced significantly higher levels of IL-10 compared to
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those from PBS-treated mice, while splenic cells showed no difference (Fig. 3A). Next, we
asked whether CNS-infiltrating cells of BBI-treated mice express more IL-10 than those of
PBS-treated mice. BBI-treated mice had largely increased IL-10 mRNA levels expressed by
mononuclear cells isolated from the CNS compared to PBS-treated animals (Fig. 3B). Flow
cytometric analyses of mononuclear cells from the CNS, spleen and LNs showed higher
proportions of CD4+IL-10+ cells among CD4+ cells isolated from all three organs of BBI-
treated mice (Fig. 3C). Furthermore, CD4+ T cells appear to be the main producers of IL-10,
as a negligible fraction of CD4- cells stained for IL-10. Collectively, these data show that
BBI treatment increased the proportion of IL-10-producing CD4+ T cells.

BBI treatment increases proportion of CD4+CD25+Foxp3+ Tregs
It has been shown that Tregs in the CNS produce IL-10 and suppress EAE (McGeachy et al.,
2005; Rynda-Apple et al., 2010). To test if BBI alters Treg numbers, mice were immunized
with MOG35-55 and treated with BBI or PBS. On day 14 p.i., cells isolated from the CNS,
spleen and lymph nodes were evaluated for Treg phenotype by flow cytometry. As shown in
Fig. 4A, BBI-treated mice had markedly higher proportions of CD4+CD25+Foxp3+ Tregs in
the CNS and in the spleen compared to PBS-treated mice, whereas the increase among LNs
cells was less pronounced. Analysis of IL-10 production among Foxp3+CD4+ cells from
BBI-treated mice showed an increase in their intracellular IL-10 levels (Fig. 4B). These data
show that BBI increases both the proportion of Tregs among CD4+ T cells and
simultaneously promotes their IL-10 production.

DISCUSSION
Our previous studies on BBI have shown that this protease inhibitor suppresses EAE
development, and that treatment with BBI enhances IL-10 production by immune cells
(Touil et al., 2008). However, it has not been determined whether increased IL-10
production plays a role in observed anti-inflammatory effects of BBI. The goal of the current
study was to extend our previous findings and in particular to determine the role of IL-10 in
EAE suppression caused by BBI treatment. The most important novel finding presented here
is that the beneficial effects of BBI in EAE indeed depend on IL-10 production. We also
demonstrate that BBI enhances Treg development, and that the major source of BBI-induced
IL-10 is CD4+ T cells.

We show here, and in our recent publication (Dai et al., 2011), that BBI treatment delayed
the onset of EAE and slowed the pace of clinical deficit accumulation, but ultimately did not
stop disease development, with incidence and severity reaching levels similar to control
mice between three and four weeks p.i. A possible reason for prolonged EAE development
in BBI-treated mice was initially slower development of MOG35-55-specific responses in the
periphery, which was only temporary, as later on they became either equivalent to those in
control mice, or even stronger (Dai et al., 2011). We interpreted these findings as an
indication that BBI delays EAE development primarily by retarding CNS infiltration by
inflammatory cells, and not by suppression of peripheral encephalitogenic responses. Given
that post initial priming phase (day 14, 21 p.i.) BBI-treated mice had stronger MOG35-55-
specific responses in the periphery, but fewer inflammatory cells in their CNS than the
control mice, it seems likely that BBI slowed egress of MOG35-55-specific CD4+ T cells
from peripheral lymphoid organs. Thus, in this scenario BBI alters the distribution of
encephalitogenic T cells between the periphery and CNS, a mechanism similar to that of
fingolimod, a recently approved oral therapy for MS (Cohen et al., 2011). The mechanism
by which BBI delays exit of CD4+ T cells from peripheral lymphoid organs is not known,
but it likely involves enhanced IL-10 production, as, in the absence of IL-10 BBI, has no
effect. Consistent with the delay in clinical disease development, infiltration of
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inflammatory cells into the CNS was also delayed and reduced, although without dramatic
perturbation in cellular composition.

Given that recruitment of myelin-reactive encephalitogenic T cells into the CNS and myelin
destruction are hallmarks of EAE (Anderton, 2010), one potential mechanism of BBI-
mediated suppression of CNS inflammation might be inhibition of BBB breakdown by
immune cells, resulting in reduced infiltration into the CNS (Touil et al., 2008). We
consistently observed that mice treated with BBI had markedly lower numbers of CNS
infiltrating cells. Further, BBI administration reduced the percentage of Th17 cells in the
CNS. As a result, both the absolute numbers and percentage of Th17 cells were lower in the
CNS of BBI-treated mice compared to PBS-treated mice. Given the crucial role of Th17
cells in the development of EAE (EI-Behi et al., 2011; Komiyama et al., 2006), suppression
of their infiltration into the CNS is likely an important mechanism underlying the beneficial
effects of BBI on this disease. Although the importance of Th1 cells in the development of
EAE has become uncertain, recent studies support their pathogenic role. For example,
Kroenke et al. (Kroenke et al., 2008) showed that adoptive transfer of either IL-12p70-
polarized Th1 or IL-23-polarized Th17 cells into naive syngeneic mice resulted in clinically
indistinguishable EAE between the two groups. Our results show that BBI treatment
suppressed both Th1 and Th17 cells in the CNS, thus reducing CNS autoimmune
inflammation.

BBI treatment did not have a beneficial effect in IL-10-/- mice, as evidenced by normal
development of clinical EAE, unaffected CNS inflammation and similar extent of BBB
damage. These findings clearly demonstrate that IL-10 is required for BBI-induced
beneficial effects in EAE. The anti-inflammatory properties of IL-10 have been well
documented. This cytokine targets the induction of various pro-inflammatory mediators as
well as antigen presentation and thereby indirectly inhibits T-cell responses (Mekala et al.,
2005; Dai et al., 2009; Zhu et al., 2008). It has been shown that IL-10 confers protection
against disease in the C57BL/6 model of EAE as well (Anderson et al., 2004; Mendel and
Shevach, 2002; Zhang et al., 2004). In the present study, in line with our previous
observation (Touil et al., 2008), we observe that BBI treatment induces increased IL-10
production not only in the peripheral immune system, but also in CNS-infiltrating cells.
Further, we have shown that CD4+ T cells, but not other cells (including APCs), are the
main contributors to IL-10 production brought about by BBI treatment. Most important, the
protection from EAE mediated by BBI was completely lacking in IL-10-/- mice. These
results provide direct evidence for the essential role of IL-10 in BBI-mediated suppression in
EAE.

There is increasing evidence indicating that CD4+CD25+Foxp3+ Treg accumulate and
function within the inflamed CNS during EAE (Ephrem et al., 2008). In agreement with
those observations, our data show that the protective effects of BBI may also result from an
increase in Treg numbers. Although the molecular mechanisms by which BBI shifts the
balance between Th1/Th17 and Treg cells are currently unknown, the elevated numbers of
Tregs in the CNS might be the result of direct expansion of CD4+CD25+Foxp3+ T cells or
their recruitment and accumulation into the CNS due to BBI treatment. We have also
observed that Tregs from BBI-treated mice produce somewhat greater levels of IL-10 than
those from control mice, which, in combination with their higher numbers, likely leads to
dramatically increased IL-10 production in the CNS. This increase in IL-10 production may
be responsible for reduced CNS inflammation through mechanisms such as reduced
production of pro-inflammatory cytokines and chemokines, which is a well established anti-
inflammatory mechanism of IL-10 (Peron et al., 2010).
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In summary, the suppressive effects of BBI in EAE are fully dependent on IL-10 production.
Questions that remain to be answered are whether BBI induces IL-10 production by CD4+ T
cells through its direct action on them, or indirectly, by acting on other cells, such as APCs.
Furthermore, it is not clear whether increased production of IL-10 mediates anti-
inflammatory effects of BBI in EAE; or if normal IL-10 production, in combination with
some other effect(s) of BBI, unrelated to the increase in IL-10 expression, would have
similar anti-inflammatory effect. In addition, molecular mechanisms by which BBI induces
IL-10 production remain to be elucidated.
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Figure 1. BBI suppresses EAE in C57BL/6 mice
(A) C57BL/6 mice were immunized with MOG35-55 and treated with BBI (1 mg/day, n=10
or 3 mg/day, n=4) or PBS (n=11) by oral gavage from the day of immunization until the end
of the experiment; mice were scored daily for clinical disease. (B) On days 7, 14 and 21 p.i.,
mice were sacrificed and cells from CNS isolated and counted. Data are shown as
percentage relative to the cell number obtained from PBS-treated mice. (C) On day 21 p.i.,
draining LN cells were harvested and stimulated with anti-CD3/CD28 for 3 days; thereafter
supernatants were analyzed for IL-10 by ELISA. P values refer to the comparison between
BBI- vs. PBS-treated groups. Data are representative of three independent experiments.
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Figure 2. BBI-mediated suppression of EAE is abated in IL-10-/- mice
(A) WT and IL-10-/- mice on C57BL/6 background were immunized with MOG35-55 and
treated with 1 mg/day of BBI or PBS (n=12 in each group) by oral gavage from the day of
immunization until the end of the experiment. Mice were scored daily for clinical disease.
(B) WT and IL-10-/- mice (n=12 in each group) were immunized with MOG35-55 and treated
with BBI (1 mg/day) or PBS by oral gavage from the day of immunization. Mice were
sacrificed on days 7 and 21 p.i.; cells from CNS were isolated and counted. Data are shown
as a percentage relative to the cell number obtained from WT PBS-treated mice. (C) The
integrity of BBB was evaluated by measurement of Evans blue content in brains at days 7
and day 20 p.i. (n=6 per group). Results are presented as a ratio between background levels
obtained from naïve mice injected with Evans blue and mice with EAE. Values represent the
mean ± S.E.M. (D) Mononuclear cells were isolated from spinal cords on days 7 and 21 p.i.,
stained and analyzed by flow cytometry for IL-17A and IFN-γ production. CD4+ T cells are
shown. (E) Mononuclear cells were isolated from spinal cords on days 7 and 21 p.i., stained
and analyzed by flow cytometry for IL-10 production. CD4+ T cells are shown. P value
refers to comparison between BBI-treated WT mice and other groups. Data are
representative of two independent experiments.
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Figure 3. CD4+ T cells are the main source of IL-10 following BBI treatment
C57BL/6 mice were immunized with MOG35-55 and treated daily with BBI (1 mg/day) or
PBS by oral gavage from day 0 p.i. and sacrificed on day 7 p.i. (A) LN cells were stimulated
with MOG35-55 for 3 days, and concentrations of IL-10 measured in the supernatants by
ELISA. (B) C57BL/6 mice (n=6 per group) were immunized with MOG35-55 and treated
daily with BBI (1 mg/day) or PBS by oral gavage from the day of immunization. Mice were
sacrificed on day 14 p.i.; mononuclear cells were isolated from the CNS and used to isolate
mRNA. mRNA levels of IL-10 were determined by quantitative real-time PCR. Data are
representative of three independent experiments. (C) Spinal cord, splenic and LN cells of
immunized mice that had been treated for 14 days p.i. with BBI were isolated and analyzed
for intracellular production of IL-10 by flow cytometry. ** p < 0.01. Data are representative
of three independent experiments.
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Figure 4. BBI treatment induces CD4+CD25+ Foxp3+ Tregs
C57BL/6 mice (n=6 per group) were immunized with MOG35-55 and treated with BBI (1mg/
day) or PBS by oral gavage from day 0 p.i.; mice were sacrificed on day 14 p.i. (A) CD4+ T
cells from spinal cord, spleen and LN were gated and their CD25 and Foxp3 expression
analyzed by flow cytometry. (B) Flow cytometric analysis of IL-10 intracellular levels in
CD4+CD25+ T cells from spinal cord, spleen and LN of mice treated with BBI for 14 days
p.i. Data are representative of three experiments.
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Table 1

BBI suppresses EAE

Treatment Incidence Day of onset Peak severity

PBS 11/11 (100%) 12.6 ± 1.0 3.9

1 mg BBI 10/10 (100%) 14.7 ± 1.1* 2.9*

3 mg BBI 3/4 (75%) 17.0 ± 1.7* 2.4*

C57BL/6 mice were immunized with MOG35-55 and treated with BBI (1 mg/day, or 3 mg/day) or PBS by oral gavage from the day of

immunization until the end of the experiment; mice were scored daily for clinical disease.

*
p < 0.05 vs. PBS control group. Data are representative of three independent experiments.
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