° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
Eur JImmunol. 2006 March ; 36(3): 671-680. doi:10.1002/€ji.200535353.

Pertussis toxin as an adjuvant suppresses the number and
function of CD4+CD25+ T regulatory cells

Xin Chenl, Robin T. Winkler-Pickett?, Nicholas H. Carbonetti3, John R. Ortaldo?, Joost J.
Oppenheim#, and O. M. Zack Howard*

1Basic Research Program, SAIC-Frederick, Inc., Laboratory of Molecular Immunoregulation,
National Cancer Institute-Frederick. Frederick, MD, USA

’Laboratory of Experimental Immunology, Center for Cancer Research, National Cancer Institute-
Frederick, Frederick, MD, USA

3Department of Microbiology and Immunology, University of Maryland Medical School, Baltimore,
MD, USA

4Laboratory of Molecular Immunoregulation, Center for Cancer Research, National Cancer
Institute-Frederick, Frederick, MD, USA

Abstract

We observed a remarkable reduction in the frequency and immunosuppressive activity of splenic
CD4*CD25* T cells in C57BL/6 mice with MOG33_s5-induced experimental autoimmune
encephalomyelitis (EAE). Our study revealed that pertussis toxin (PTx), one component of the
immunogen used to induce murine EAE, was responsible for down-regulating splenic
CD4*CD25* cells. Treatment of normal BALB/c mice with PTx in vivo reduced the frequency,
suppressive activity and FoxP3 expression by splenic CD4*CD25* T cells. However, PTx
treatment did not alter the expression of characteristic phenotypic markers (CD45RB, CD103,
GITR and CTLA-4) and did not increase the expression of CD44 and CD69 by the residual
splenic and lymph node CD4*CD25* T cells. This property of PTx was attributable to its ADP-
ribosyltransferase activity. PTx did not inhibit suppressive activity of purified CD4*CD25* T
regulatory (Treg) cells in vitro, but did so in vivo, presumably due to an indirect effect. Although
the exact molecular target of PTx that reduces Treg activity remains to be defined, our data
suggests that alteration of both distribution and function of splenic immunocytes should play a
role. This study concludes that an underlying cause for the immunological adjuvanticity of PTx is
down-regulation of Treg cell number and function.
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Introduction

Recently, the crucial role of FoxP3*CD4+*CD25" regulatory T cells (Treg cells) in
suppression of responses to self antigens, and the maintenance of anergy has been
demonstrated in both mice and humans [1]. Clinically, defects in Treg cells have been
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reported in various human autoimmune diseases, including psoriasis [2], myasthenia [3],
rheumatoid arthritis [4], autoimmune liver disease [5] and hepatitis C-mixed
cryoglobulinemia vasculitis [6], autoimmune polyglandular syndrome [7] and multiple
sclerosis [8]. Deficiency of Treg cells was also found in murine autoimmune disease models
such as collagen-induced arthritis [9] and in autoimmune prone strains of mice such as
NOD/SCID mice [10].

Experimental autoimmune encephalomyelitis (EAE) is a mouse model of inflammatory
demyelinating disease that shares many clinical and histological features with multiple
sclerosis. In mice susceptible to developing EAE, immunization with myelin protein
antigens such as proteolipid protein (PLP), myelin basic protein (MBP) or myelin
oligodendrocyte glycoprotein (MOG) in complete Freund’s adjuvant (CFA) along with
pertussis toxin (PTx) overcomes tolerant/anergic state, and induces a CD4* Th1 cell-
mediated inflammatory response in the central nervous system (CNS) [11]. The
development of EAE is countered by Treg cells, since depletion of Treg cells increased the
severity and mortality [12], while adoptive transfer of Treg cells inhibited the onset/
progression of the disease [13]. Our previous work revealed that a mouse strain susceptible
to EAE had fewer Treg cells than an EAE-resistant mouse strain [14]. Therefore, EAE mice
may serve as a model to investigate the factors responsible for the reduction in Treg activity.

In this report, we found that the proportion of splenic CD4*CD25" cells was significantly
reduced in mice with induced EAE. Furthermore, the residual splenic CD4*CD25* Tcells
from EAE mice robustly proliferated, and produced high levels of IFN-y in response to TCR
stimulation. More importantly, they failed to suppress the proliferation of splenic
CD4*CD25~ T cells. We further found that PTx, one component in the EAE immunogen,
was responsible for the reduction in the number of CD4*CD25* T cells in the mouse spleen.
PTx is one of the major virulence factors of Bordetella pertussis, which is composed of an
active subunit (S1), that ADP-ribosylates the alpha subunit of several mammalian G proteins
and the B oligomer (S2-S5), that binds glycoconjugate receptors on cells [15]. Historically,
the means by which PTx was thought to act on EAE was by making the blood-brain barrier
permeable. Recent work has shown that PTx actually increases adhesion molecule
expression that initiates leukocyte infiltration into the brain [16]. Further, PTx appears to
induce the maturation of dendritic cells [17-21], which results in the expansion of Teffector
cells and secretion of IFN—y [22].

We observed that, in vivo, PTx treatment resulted in a reduction in the expression of FoxP3
by purified splenic CD4* cells and CD4*CD25* cells. The immunosuppressive activity of
splenic CD4*CD25* cells was also reduced after PTx treatment. This property of PTx was
dependent on its ADP-ribosyltransferase activity. Our data suggest that reduction in Treg
activity is an important mechanism by which PTx acts as an immunological adjuvant.

Splenic CD4*CD25"* T cells are reduced in number and immunosuppressive activity in EAE

mice

To determine the effect of induction of EAE on the frequency and activity of Treg cells,
C57BL/6 (B6) mice were killed and analyzed on day 10 after immunization with MOG33_55
peptide and CFA/PTx. After immunization, lymph nodes (LN; axillary, inguinal and
mesenteric regions) of mice were dramatically withered and the cellularity was reduced to
less than one tenth that of normal mice (data not shown). In contrast, the splenic cellularity
of EAE mice was increased almost twofold over that of normal mice (data not shown). Thus,
we focused on analyzing B6 splenic cells in subsequent experiments, since the paucity of
LN cells made it difficult to determine the activity of Treg cells. Although the pathology of
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EAE is well known to be mediated by CD4 Tcells [23], the proportion of CD4*CD25*
Tcells in the spleen of B6 mice induced to develop EAE was significantly lower than that of
control mice (p<0.001, Fig. 1A). The reduced frequency of CD4*CD25" cells in the spleen
persisted for at least 70 days after EAE induction, and the lower proportion of splenic
CD4*CD25* cells correlated with the higher clinical score (data not shown).

We next examined the capacity of splenic CD4*CD25* T cells to suppresses the
proliferation of CD4*CD25~ T cells from the same group, utilizing a standard in vitro
functional assay for Treg cells. As shown in Fig. 1B, in the control group, the proliferation
of splenic CD4*CD25™ T cells was markedly higher than that of unfractionated splenic CD4
T cells (p<0.05), presumably due to the depletion of Treg cells. Control splenic CD4*CD25*
cells were hyporesponsive to TCR stimulation (cpm: 30) and potently inhibited proliferation
of splenic CD4*CD25~ cells (p<0.01), as expected. In the EAE group, the proliferation of
splenic CD4 cells was much more vigorous than their normal counterparts (3.5-fold higher
in cpm). Furthermore, splenic CD4+*CD25" cells from EAE mice exhibited a low level of
proliferation and failed to suppress splenic CD4*CD25 T cells from the same group.

Once activated by TCR stimulation, normal splenic CD4*CD25~ T cells, but not
CD4*CD25* T cells, produced considerable amounts of IFN-y. In sharp contrast, splenic
CD4*CD25* T cells from EAE mice produced an even higher level of IFN-y than
CD4*CD257T cells (Fig. 1C). Thus, EAE mice were deficient in Treg activity, displaying a
decrease in the proportion of splenic CD4*CD25* T cells and an increase in IFN-y
production by CD4*CD25* cells.

PTx treatment reduced the frequency and number of splenic CD4*CD25* T cells

To identify the immunogen component that reduced the number and activity of Treg cells,
we injected MOG/incomplete Freund’s adjuvant (IFA), CFA, MOG/CFA and PTx,
separately, into normal B6 mice. One week after injection, the proportion of splenic
CD4*CD25* cells was analyzed. As shown in Fig. 2A, only PTx markedly decreased the
proportion of CD4*CD25™ cells in the spleen (<50% of normal mice, p<0.01).

PTx treatment of BALB/c mice also resulted in a reduction in splenic CD4*CD25™ cells.
However, the proportion of CD8~CD4*CD25* T cells in the thymus was not significantly
decreased (Fig. 2B). Furthermore, the percentage of CD25" T cells in the splenic
CD3*CD4* population was also reduced by 40% after PTx treatment (data not shown). In
BALB/c mice, treatment with PTx resulted in a 30-fold decrease in the cellularity of the LN.
The average pooled cellularity from axillary, inguinal and mesenteric LN was 24 x 108 in
untreated mice and 0.8 x 108 in PTx-treated mice. The average cellularity of the spleen
increased from 63.3 x 108 in a normal mouse to 102.4 x 106 in a PTx-treated mouse. The
number of splenic CD4*CD25* T cells in PTx-treated mice was 1.32 x 106 + 0.08 x 106,
which was less than the 2.21 x 108 + 0.06 x 108 in the control mice (p<0.05). The total
number of CD4*CD25* T cells in the spleen and LN of PTx-treated mice (1.37 x 106 + 0.08
x 10%) was also less than that of normal mice (3.68 x 108 + 0.07 x 106, p<0.001). Thus, PTx
treatment not only reduced the proportion of splenic CD4*CD25" cells, but also markedly
diminished the absolute numbers of CD4*CD25* cells in the peripheral lymphoid tissues.

We also observed a reduction in of CD4*FoxP3* T cells in the spleen and peripheral blood.
As shown in Fig. 2C, the proportions of CD4*FoxP3* T cells in the spleen and peripheral
blood were reduced from 3.4% and 2.4% to 1.6% and 1.9%, respectively, while there was no
decrease in the LN. Furthermore, the proportion of FoxP3* cells in the splenic CD4
population was reduced from 16.3% to 10.5% (Fig. 2D). The FoxP3* cells in the splenic
CD4*CD25* population was also reduced from 91.2% to 83.7% (Fig. 2E). The FoxP3
mMRNA expression was decreased in CD4 and CD4*CD25* population, as measured by real-
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time PCR (data not shown). Thus, the decrease in CD4*CD25* splenic cells and peripheral
blood cells was reflected by the reduction of CD4*FoxP3* Treg cells after PTx treatment.

PTx treatment impairs the suppressive function of splenic CD4*CD25* T cells

Upon TCR stimulation, splenic CD4*CD25* cells from PTx-treated BALB/c mice showed a
low proliferative response; nevertheless, they were slightly more proliferative than the
splenic CD4*CD25* cells from untreated BALB/c mice (p<0.05, data not shown). However,
the suppressive activity of PTx-treated splenic CD4*CD25* cells on responder CD4*CD25~
cells from either normal BALB/c mice or PTx-treated BALB/c mice was significantly
reduced, and was observed across a spectrum of CD25* versus CD25™ ratios (Fig. 3A-C,
p<0.05-0.01). Thus, PTx treatment not only reduced the number of splenic CD4*CD25*
cells, but also blunted the suppressive effect of these splenic CD4*CD25™ cells.

Effects of PTx treatment on the phenotype and production of cytokine by CD4*CD25* T

cells

Natural Treg cells express a spectrum of characteristic immunological markers such as a
lower level of CD45RB, and a higher level of CD103 (integrin aEB7), CTLA-4 (CD152)
and GITR, compared with CD4*CD25™ T cells [24]. We therefore compared expression of
these markers by splenic and LN CD4*CD25* cells and CD4*CD25™ cells from normal and
PTx-treated BALB/c mice. As shown in Fig. 4A, the expression of these surface markers by
residual splenic and LN CD4*CD25" cells was not altered after PTx treatment. Furthermore,
the expression of CD44 and CD69 by splenic and LN CD4*CD25™" cells from PTx-treated
mice was not significantly increased, suggesting PTx treatment did not activate CD4 cells.

Upon stimulation by anti-CD3/CD28, splenic CD4*CD25* cells from PTx-treated BALB/c
mice produced lower levels of IFN-y than their CD4*CD25 cells (while splenic
CD4*CD25* cells from EAE mice produced more IFN-y, Fig. 1B). Splenic CD4*CD25*
cells from PTx-treated mice produced up to 6.8-fold higher levels of this Thl cytokine than
CD4*CD25* cells from untreated mice (Fig. 4C).

Since IL-2 is a critical cytokine in the production of Treg cells, and maintenance of the Treg
cell suppressive activity (reviewed in [25]), we also examined the production of IL-2 by
cells from BALB/c mice. As shown in Fig. 4C, IL-2 was exclusively produced by normal
splenic CD4*CD25™ cells, but not by CD4*CD25" cells. The capacity of splenic
CD4*CD25™ cells from PTx-treated mice to produce IL-2 was markedly suppressed (~30%
of normal mice). The suppression of IL-2, which is essential for Treg cells, may account for
the reduction of Treg activity.

Effect of APC from PTx-treated mice on Treg cells

To clarify whether in vivo effects of PTx were due to direct action of PTx on the Treg cells,
we exposed purified Treg cells to PTx (1 ug/mL) for 24 h and measured their FoxP3 mRNA
expression and suppressive activity. The results showed direct in vitro treatment with PTx
neither down-regulated FoxP3 mRNA expression, nor reduced the suppressive activity of
Treg cells (data not shown). We therefore evaluated the possibility that PTx affected other
splenic cell types that contributed to the down-regulation of Treg activity.

Up-regulation of costimulatory molecules on activated APC has been reported to be
responsible for breaking T cell anergy and reversing the suppressive activity of Treg cells in
vitro [26]. In vitro studies have shown that PTx activated APC by up-regulating antigen-
presenting molecules (MHC) and costimulatory molecules (CD40, CD80 and CD86) [17,
20, 21]. We therefore examined the effect of APC from PTx-treated mice on the activity of
Treg cells. T-depleted/irradiated splenocytes from PTx-treated mice were prepared and used
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as APC in the standard in vitro functional assay for Treg cells. These APC did not interfere
with the capacity of splenic CD4*CD25* cells from normal control mice to markedly inhibit
proliferation of responder CD4*CD25™ cells. Additionally, the APC did not block the
inhibition of splenic CD4*CD25* cell from PTx-treated mice (Fig. 5A). Therefore, these
APC did not interfere with the inhibitory activity of Treg cells.

We next analyzed the phenotype of unfractionated splenocytes after PTx treatment in vivo.
Quite surprisingly, in vivo treatment with PTx did not enhance, but actually reduced, the
expression of MHC class Il and costimulatory molecules (CD86) by splenocytes (p<0.05).
This is distinctly different from the effect of in vitro PTx treatment on APC. The proportion
of splenic CD4*, CD8a* and B220™ cells was also decreased (p<0.05). However, CD11b*
myeloid cells were dramatically increased by almost fourfold by PTx treatment (p<0.001)
(Fig. 5B).

S1 mutant PT (mPTx) fails to reduce the frequency and suppression of splenic CD4*CD25*

cells

To determine whether the ADP-ribosylation of PTx is required to reduce the activity of Treg
cells, we compared the effect of PTx with a S1 subunit mutant inactive PTx (mPTx) [27].
Treatment with mPTx failed to alter the distribution of lymphocytes in the secondary
lymphoid tissues. Unmutated PTx treatment reduced the proportion of splenic CD4*CD25*
cells by 56%. In contrast, treatment with mPTx failed to reduce the proportion of splenic
CD4*CD25* cells (data not shown). Furthermore, suppression by splenic CD4*CD25* cells
of proliferation of CD4*CD25™ cells was not significantly impaired by treatment with
mPTx, while markedly attenuated by treatment with PTx (p<0.01-0.05, Fig. 6). Thus, the
reduction in suppressive activity of Treg cells by PTx is based on its ADP-ribosylation
activity.

Discussion

In this study, we observed that the murine EAE model was profoundly deficient in Treg
activity. Further, we found that PTx, one of the components of the immunogen cocktail used
for EAE induction, was largely responsible for the reduction in Treg activity. Thus, we
hypothesize that suppression of Treg activity would account for the immunological adjuvant
action of PTx. This hypothesis is supported by a recent report that administration of anti-
CD25, an antibody that depletes Treg cells in vivo, abolishes the need for PTx to induce
EAE [28].

PTx is a potent immunological adjuvant, and has been widely used to enhance Th1l-mediated
organ-specific autoimmune diseases, including EAE [29] and experimental autoimmune
uveitis [30]. To date, the cellular target and action mechanism by which PTx mediates
adjuvanticity remains to be defined [21]. Over the past few years, it has been reported that
PTx promoted the activation and maturation of APC, especially dendritic cells [17-21], and
a recent report suggests this may be based on the activation of TLR4 by PTx [16]. However,
these findings were based on in vitro observations, and the mechanism of in vivo action of
PTx remains largely obscure.

Although our data do not provide the precise molecular basis underlying the action of PTx in
reducing Treg activity, there are a number of plausible contributory effects of PTx. First,
PTx may suppress Treg cells due to PTx inhibition of G-protein-coupled chemokine
receptors. PTx treatment inactivates chemokine receptors and results in the redistribution of
lymphocytes [31], manifested by inhibition of entrance of lymphocytes into LN and Peyer’s
patches and by accumulation of cells in the spleen [32]. Our data show that the ADP-
ribosyltransferase activity of PTx is required for the reduction of Treg activity, whereas
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ADP-ribosyltransferase activity was reported to be unnecessary for PTx to stimulate
immune responses (the activation of APC and production of cytokines) [18]. Therefore,
inactivation of PTx-sensitive G-protein-coupled receptors and alteration of leukocyte
trafficking could be critical for the reduction in Treg cells.

In addition, the suppression of Treg cells by PTx may involve the inhibition of IL-2
production in vivo by PTx. IL-2 has been firmly established as a vital cytokine for thymic
development, peripheral expansion/ maintenance, and immunosuppressive activity of Treg
cells (reviewed in [25]). Several reports suggest PTx blocks IL-2 production by T cells in
response to diverse stimuli, including Con A [33, 34] and IL-1 [35, 36]. Indeed, once
stimulated with anti-CD3 and CD28, splenic CD4*CD25" cells from PTx-treated mice
produced a lower level of IL-2 than the cells from untreated mice (Fig. 4D). However, it has
been reported that a high concentration of PTx itself stimulates I1L-2 production [33], and we
also observed that treatment with PTx (1 ug/mL) in vitro resulted in the release of IL-2 by
mouse splenocytes (data not shown). This discrepancy may be the basis for the previously
proposed dual effect of PTx: it activates mononuclear phagocytes and lymphocytes itself,
while inhibiting the response of those immunocytes to other stimuli [37]. Although
deprivation of IL-2 by PTx treatment is a very attractive explanation for the reduction of
Treg activity, further research is needed to clarify exactly how PTx affects IL-2 production
in vivo.

One possible explanation for the observed effect of PTx may be the expansion of effector T
cells, rather than reducing the number of Treg cells. However, this possibility was not
supported by results showing that the total number of CD4*FoxP3™ T cells present in the
spleen and LN (mesenteric, axillary and inguinal regions) was not increased by PTx
treatment (data not shown). Furthermore, the cell cycle profile of CD4* Tcells in the spleen
and LN of PTx-treated and untreated mice was not different (data not shown). These
observations are consistent with an earlier report that PTx-induced lymphocytosis was due
to a redistribution of lymphocytes between the circulating and tissue pools, and not due to
cellular proliferation [31]. The results observed in this study are unlikely to be due to
potential LPS contamination in the PTx, since the in vitro action of PTx on the splenocytes
was not blocked by the LPS neutralizer-polymycin B (data not shown).

Since CD25 is also a marker of activated effector CD4 cells, we wondered whether the
residual splenic CD4*CD25" cells after PTx treatment were Treg cells or activated CD4
cells. To answer this question, we examined the expression of FoxP3, a specific hallmark of
Treg cells [38]. In agreement with the decrease of CD4*CD25* cells, the FoxP3 mRNA
expression by total splenocytes from PTx-treated mice was reduced (data not shown). The
residual splenic CD4*CD25" cells obtained from PTx-treated mice also exhibited a reduced
level of FoxP3. It is reasonable to speculate that PTx treatment favors activation of effector
CD4 cells, and consequently the residual splenic CD4*CD25* cells from PTx-treated mice
may consist of mixture of natural Treg cells and activated CD4 cells. However, this
speculation is not supported by the observation that the phenotypic markers, especially
CD44 and CD69, expressed by splenic and LN CD4*CD25* cells from PTx-treated mice
were not different from those of normal untreated mice. A previous study demonstrated that
FoxP3 mRNA expression by Treg cells could be down-regulated, e.g., by lack of TGF-p
signaling [39] or by activation of autoimmune pathogenesis [9]. It has also been reported
that once anergy had been broken, CD4*CD25* cells were able to proliferate and produce
cytokine [26]. Since PTx treatment reduced the total number of CD4*CD25™ cells in the
spleen and in the LN, we favor the idea that in vivo PTx treatment, by a mechanism to be
further defined, reduces the functions of Treg cells by down-regulation of FoxP3 expression
and immunosuppressive activity.
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In summary, the results presented in this study demonstrate a profound defect in the
immunosuppressive activity of splenic CD4*CD25* cells in MOGg33_s5-specific EAE mice,
which could be the underlying basis for the organ-specific immunopathology observed in
this model. We found that PTx was largely responsible for the reduction in the frequency,
number and suppressive activity of Treg cells in the peripheral lymphoid tissues. This
property could be an underlying cause of the immunological adjuvancity of PTx.

Materials and methods

Mice and reagents

Female B6 mice and BALB/c mice, 8-12 weeks old, were purchased from Animal
Production Area of the National Cancer Institute-Frederick (Frederick, MD). Animal care
was provided in accordance with the procedures outlined in the “Guide for the Care and Use
of Laboratory Animals” (NIH publication no. 86-23, 1985). Mice were maintained on
standard laboratory food and water ad libitum. Paralyzed animals were afforded easier
access to food and water. Anti-mouse antibodies [14] purchased from BD PharMingen (San
Diego, CA) and R&D Systems (Minneapolis, MN). PE-conjugated anti-mouse/rat Foxp3
staining set was purchased from eBioscience (San Diego, CA). PTx was purchased from List
Biological Laboratory, Inc. (Campbell, CA). S1 mutant PTx (PT-9 K129G) was purified in
the laboratory of Dr. Nicholas H Carbonetti at University of Maryland, as previously
described [27].

Induction and clinical evaluation of MOG35_ss-induced EAE

Female B6 mice, 8-12 weeks old, were immunized s.c. with 200 pL of an emulsion
containing CFA plus 300 ug Mycobacterium tuberculosis H37Ra (Difco Laboratories,
Detroit, MI) and 200 ng MOG3s_s5 (Invitrogen Life Technologies, Carlsbad, CA).
Additionally, 400 ng PTx in 200 pL PBS was administrated (i.p.) on days 0 and 2 post
immunization. At day 7 the mice were immunized with MOG peptide once more.

MOG, CFA and PTx treatment

B6 mice were injected s.c. with 200 uL of an emulsion and 200 pg MOGss_sg5 in IFA or in
CFA, or CFA alone, on the flank. Both B6 and BALB/c mice were used for the PTx
treatment experiment in which the mice were injected (i.p.) with 400 ng (in 0.2 mL PBS) per
day for 2 consecutive days. One week after the first treatment, the mice were killed and
lymphoid organs were removed aseptically and a single-cell suspension was prepared for the
assays.

Purification of cells

CD4*, CD4*CD25" and CD4*CD25 T cells from spleen were separated using a MACS
MS column (Miltenyi Biotech, Auburn, CA) as previously described [14]. The purity of
CD4*CD25* T cells was greater than 90% (after positive selection by two MS columns) and
that of CD4*CD25~ T cells was greater than 95%. In some experiments, the cells were
sorted using a Cytomation MoFlo cytometer (Fort Collins, CO) yielding a purity for both
subsets of nearly 98%. Purified cells were suspended and cultured in RPMI 10 [RPMI 1640
with 10% fetal bovine serum (FBS, Hyclone, Logan, UT) containing 2 mM glutamine, 100
IU/mL penicillin, and 100 pg/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate and
50 uM 2-ME].

Flow cytometry

All incubation steps were conducted for 30 min at 4°C. After treatment with an anti-CD16/
CD32 antibody, the cells were incubated with appropriately diluted antibodies for cell
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surface staining. For intracellular staining of anti-CTLA-4, cells were fixed and
permeabilized using Cytofix/Cytoperm Kits (BD PharMingen) and then incubated with PE-
conjugated anti-CTLA-4. Anti-FoxP3 Ab was stained using PE-conjugated anti-mouse/rat
Foxp3 Staining Set (eBioscience). Flow cytometry analysis was performed on a FACScan
(BD Biosciences, Mountain View, CA) using CellQuest software.

In vitro proliferation assay

Detection of

CD4*CD25~ T cells (5 x 10* cells/well) were seeded in a U-bottom 96-well plate in RPMI
10, with or without 2 x 10° cells/well of T cell-depleted, irradiated splenocytes (APC) plus
0.5 ug/mL of a soluble anti-CD3 antibody (145-2C11). CD4*CD25" T cells were added to
wells at ratios of 10:0, 10:1, 10:2, 10:5, 10:10 and 0:10 (CD4*CD25~ T cell: CD4*CD25* T
cell). Cells were pulsed with 1 uCi [3H]thymidine (Amersham Pharmacia Biotech,
Piscataway, NJ) per well for the last 15 h of the 72-h culture period. The amount of
incorporated [3H]thymidine was measured with a Wallac Microbeta counter (Perkin-Elmer
Life Sciences, Gaithersburg, MD).

cytokines

Purified splenic CD4*CD25* or CD4*CD25™ cells were seeded in U-bottom 96-well plates
and were stimulated with plate-bound anti-CD3 (10 pug/mL) and soluble anti-CD28 (2 ug/
mL). After culturing for 72 h, the supernatants were collected and cytokine measurement
was performed by analysis of supernatant with SearchLight Mouse Cytokine Array (Pierce
Biotechnology, Woburn, MA).

Statistical analysis

Comparisons of data from experimental group and control group were analyzed by two-
tailed Student’s t-test using Graphpad Prism 4.0. (GraphPad Software, Inc., San Diego, CA).
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Figure 1.

EAE induction reduces frequency and immunosuppressive function of CD4*CD25"
splenocytes. Splenocytes were isolated from B6 mice on day 10 post immunization with
EAE immunogen. (A) The cells were analyzed for expression of CD4 and CD25 by FACS.
Numbers in the dot plot indicate the percentage of CD4*CD25* cells. The data are
representative of five separate experiments. (B) MACS-purified CD4 (5 x 104 cells/well,
open bar) cells and FACS-purified CD4*CD25~ (5 x 10* cells/well, gray bar) and
CD4*CD25" (2.5 x 104 cells/ well, hatched bar) splenocytes were cultured separately or co-
cultured (black bar, ratio of CD25~ versus CD25™ cells was 10:5, from the same group). The
cells were stimulated with normal B6 APC (2 x 10° cells/well) and an anti-CD3 antibody
(0.5 ug/ mL) for 72 h. Proliferation was measured by [3H]thymidine incorporation.
***p<0.001 compared with proliferation of CD4*CD25~ T cells. (C) FACS-purified
CD4*CD25* or CD4*CD257T cells were stimulated with 10 ug/mL of a plate-bound anti-
CD3 antibody and 2 pg/mL of a soluble anti-CD28 antibody. After 72 h, the supernatants
were collected and IFN-y levels were determine. Data (B, C) are representative of three
separate experiments with the similar results.
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Figure 2.

In vivo PTx treatment reduces the proportion of CD4*CD25* T cells and CD4*FoxP3* T
cells. (A) Female B6 mice were treated with MOG peptide in IFA, or CFA, or MOG peptide
in CFA or PTx for 2 days (once a day) as described in the Materials and methods. One week
after the last treatment, spleens were harvested and the proportion of CD4*CD25* T cells
was analyzed by FACS. The data are representative of two separate experiments with
similar results. (B-E) BALB/c mice were treated with PTx (400 ng/mouse/day, i.p.) for 2
days. One week after the last injection, the mice were killed and the percentage of
CD4*CD25* T cells (B) and CD4*FoxP3* T cells (C) in the lymphoid tissues and peripheral
blood was analyzed by FACS. (D) FoxP3 expression was analyzed by gating on CD3*CD4*
splenic cells. Dashed histogram indicates isotype control; black histogram indicates FoxP3
staining. (E) FoxP3 expression was analyzed by gating on CD4*CD25" (gray histogram)
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and CD4*CD25~ (solid line histogram) splenic cells. Dashed histogram indicates isotype
control. The data are representative of at least three separate experiments with similar
results. The number in the dot plot indicates the percentage of CD4*CD25* T cells or
CD4*FoxP3* T cells.
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Figure 3.

In vivo PTx treatment reduces the suppressor effect of splenic CD4*CD25" T cells.
CD4*CD25* and CD4*CD25~ T cells were purified by flow cytometry, from MACS-
purified CD4 cells derived from spleen. CD4*CD25~ T cells (5 x 104 cells/well) were

mixed with increasing numbers of CD4*CD25* T cells (5 x 103-5 x 104 cells/well). The
cells were stimulated with APC (from normal control mice, 2 x 10° cells/well) plus a soluble
anti-CD3 antibody (0.5 ng/mL) and cultured for 72 h. Proliferation was measured by
[3H]thymidine incorporation. The responder CD4*CD25™ T cells were either from normal
control mice (A) or from PTx-treated mice (B). The inverted triangle indicates CD4*CD25~
T cells alone; the square indicates untreated mice derived-CD4*CD25* T cells mixed with
CD4*CD25 T cells; the triangle indicates CD4*CD25~ T cells mixed with CD4*CD25* T
cells derived from PTx-treated mice. The data shown are representative of at least five
separate experiments with similar results. (C) Percent inhibition of CD4*CD25* T cells from
normal control (squares) or PTx-treated (triangles) mouse spleen to the proliferation of
normal control mouse CD4*CD25™ T cells. The data shown are summarized from five
separate experiments (with three to five mice per group). *p<0.05, **p<0.01, and
***p<0.001, compared with inhibition elicited by normal mouse CD4*CD25* T cells.
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Figure 4.

In vivo PTx treatment does not change phenotypic characteristics of CD4*CD25* T cells (A)
Female BALB/c mice were treated with PTx (400 ng/mouse) for 2 days. At 1 week after the
last injection, the spleen and LN were harvested. After lysing erythrocytes, the splenic cell
or LN cells were stained with Cy-chrome-CD4, PE- or FITC-conjugated CD25, FITC- or
PE-conjugated third antibodies. Analyses were gated on CD4*CD25* or CD4*CD25™ T
cells. Dashed line indicates isotype control, gray histogram indicates CD4*CD25* T cells
and solid line indicates CD4*CD25™ T cells. Y-axis shows relative cell number. X-axis
shows fluorescence intensity. The data are representative of three separate experiments with
similar results. (B, C) Purified splenic CD4*CD25" or CD4*CD25™ cells (5 x 104 cells)
were seeded in round-bottom 96-well plates. The cells were stimulated using plate-bound
anti-CD3 (10 pg/mL) and soluble anti-CD28 (2 pg/mL) for 72 h. The production of IFN-y
(B) and IL-2 (C) in the supernatants was determined. Data shown are representatives of
three separate experiments with similar results.
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Figure 5.

APC from PTx-treated mice support suppression by Treg cells. (A) The suppression by
CD4*CD25" splenocytes (5 x 104 cells/well) from normal control mice or PTx-treated mice
(400 ng/mouse/day, 2 days) were assessed by culture with the same number of normal
BALB/c CD4*CD25 splenocytes. The cells were stimulated with APC from PTx-treated
mice (2 x 10° cells/well) and 0.5 pg/mL anti-CD3. The proliferation was measured by
[3H]thymidine incorporation. Data shown are representative of three separate experiments
with similar results. *p<0.05, compared with cells from control mice. (B) BALB/c mice
were treated with PTx (400 ng/mouse/day, 2 days) and splenocytes were isolated and
analyzed for expression of surface markers by FACS. The data shown are percent of positive
cells (means + SD), which is summarized from seven separate experiments (n=35). *p<0.05,
***p<0.001, compared with normal control mice.
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Figure 6.

S1 mutant PTx fails to reduce the activity of CD4*CD25* Treg cells. BALB/c mice were
injected (i.p.) with 400 ng/mL of wild-type PTx or S1 mutant PTx (mPTx) for 2 days.
Spleens were harvested 1 week after the last injection. The indicated number of FACS-
sorted CD4*CD25* splenocytes from either untreated mice (square), wild-type PTx-treated
mice (triangle) or S1 mutant PTx (inverted triangle) were mixed with normal mouse
CD4*CD25 splenocytes (5 x 104 cells/ well). The cells were stimulated with APC (from
untreated mice) and 0.5 pg/mL soluble anti-CD3 and cultured for 72 h. Proliferation was
measured by [3H]thymidine incorporation. *p<0.05, **p<0.01, compared with the inhibition
elicited by normal BALB/c CD4"CD25* splenocytes. The data shown are representative of
three separate experiments with similar results.
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