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The principal aim of the immune system is to establish a balance
between defense against pathogens and avoidance of autoimmune
disease. This balance is achieved partly through regulatory T cells
(Tregs). CD4�CD25� Tregs are either naturally occurring or induced by
antigens and are characterized by the expression of the X-linked
forkhead/winged helix transcription factor, Foxp3. Here we report a
previously unrecognized subset of CD4�CD25� Tregs derived from
CD4�CD25� T cells induced by nitric oxide (NO). The induction of Tregs
(NO-Tregs) is independent of cGMP but depends on p53, IL-2, and
OX40. NO-Tregs produced IL-4 and IL-10, but not IL-2, IFN�, or TGF�.
The cells were GITR�, CD27�, T-betlow, GATA3high, and Foxp3�. NO-
Tregs suppressed the proliferation of CD4�CD25� T cells in vitro and
attenuated colitis- and collagen-induced arthritis in vivo in an IL-10-
dependent manner. NO-Tregs also were induced in vivo in SCID mice
adoptively transferred with CD4�CD25� T cells in the presence of LPS
and IFN�, and the induction was completely inhibited by NG-mono-
methyl-L-arginine, a pan NO synthase inhibitor. Therefore, our find-
ings uncovered a previously unrecognized function of NO via the
NO–p53–IL-2–OX40–survivin signaling pathway for T cell differenti-
ation and development.

cytokines � inflammation � colitis � collagen-induced arthritis

There is considerable current interest in the functional role of
regulatory T cells (Tregs), which subsume the role, if not the

characteristics, of the much-maligned suppressor T cells. There are
at least three major types of Tregs: Th3, Tr1, and CD4�CD25� T
cells with overlapping functions (1–3). CD4�CD25� Tregs are
arguably the best characterized, principally because it is relatively
easy to obtain a large number of cells. The main characteristic of
Tregs is the expression of the intracellular X-linked forkhead/
winged helix transcription factor, Foxp3 (4–6). Here we report a
previously unrecognized subset of Foxp3� CD4�CD25� Tregs
(NO-Tregs) derived from CD4�CD25� T cells and induced by
nitric oxide (NO).

NO is a key mediator of a variety of biological functions, such as
vascular relaxation, platelet aggregation, neurotransmission,
tumoricidal and microbicidal activities, and immunosuppression
(7–20). NO also is associated with some of the most important
immunopathologies, including rheumatoid arthritis, diabetes, sys-
temic lupus erythematosus, and septic shock (12–14). However, the
mechanisms by which NO mediates this spectrum of diseases
remain obscure.

NO is derived from the guanidino nitrogen atoms (15) and
molecular oxygen (16, 17) in a reaction catalyzed by the enzyme NO
synthase (NOS). There are three forms of NOS. The endothelial
(eNOS or NOS1) and neuronal (nNOS or NOS3) forms produce
the amount of NO required for physiological functions. The
cytokine-inducible form (iNOS or NOS2) is activated by a number
of immunological stimuli, such as IFN�, TNF�, and LPS, and
catalyzes a high output of NO, which can be cytotoxic. Direct
evidence for the critical biological functions of NOS has been
provided by strains of mice with disrupted NOS genes (21–23).

We previously reported that NO selectively enhanced type 1
helper T (Th1) cell differentiation and expansion. This process was
mediated by enhanced IL-12 receptor �2 expression through a

cGMP-dependent pathway (24). Th1 cells are key players in the
host immune defense against pathogens, as well as causing a range
of autoimmune inflammatory conditions, some of which are NO-
dependent. We wondered how this NO-Th1 self-amplification cycle
might be regulated. A potential candidate would be Tregs. We now
report that NO, together with anti-CD3 [(�CD3) triggering T cell
antigen receptor (TcR)] activation, induced the proliferation and
sustained survival of CD4�CD25� T cells, which became
CD4�CD25� but remained Foxp3�. The induction process de-
pended on the hitherto unrecognized p53–IL-2–OX40–survivin
signaling pathway. This previously unrecognized population of
Tregs suppressed the proliferation and function of freshly purified
CD4�CD25� effector cells in vitro and colitis- and collagen-induced
arthritis in the mouse in an IL-10-dependent manner. Therefore,
this report links the functions of NO, p53, and Tregs, three key areas
of biomedicine.

Results
NO Enhances Proliferation of CD4�CD25� T Cells. CD4�CD25� and
CD4�CD25� T cells were purified from the lymph nodes of
BALB/c mice and were cultured with soluble anti-CD3 (s�CD3)
antibody and mitomycin-C-treated spleen cells [as antigen-
presenting cells (APC), a culture condition known to be optimal for
the suppressive function of Tregs] (25) in the presence of NOC-18
(a stable NO donor). NO had little or no effect on the proliferation
of the CD4�CD25� T cells. In contrast, 100–200 �M NOC-18,
which constantly released 200–400 nM NO with a half-life of 20 h
(26), markedly enhanced the proliferation, division, and viability of
CD4�CD25� T cells (Fig. 1 A–E). There was a transient delay of
cell proliferation on day 2. Thereafter, the cells continued to divide,
reaching 40� the original number by day 6 and remained up to 95%
viable by days 10–14 of culture. Similar results also were obtained
with CD4�CD25� T cells from OVA-TcR transgenic mice
(DO.11.10) activated with low doses of OVA peptide323–339 and
APC (Fig. 1F) and with human peripheral blood CD4� T cells
activated with �CD3 and APC (data not shown). The increase in
cell proliferation was effective only when NO was added soon (�6
h) after the TcR activation, but was independent of cGMP [sup-
porting information (SI) Fig. 8 A and B]. NO had to be present for
at least 16 h to have a significant effect (data not shown). Similar
effects also were obtained with CD8� T cells (SI Fig. 8C) and with
another NO donor, S-nitrosoglutathione (Alexis Laboratories, San
Diego, CA) (data not shown). NO alone was without effect (data
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not shown). Therefore, these results reveal a previously unrecog-
nized function of NO, which, in conjunction with TcR triggering,
selectively enhances the differentiation and survival of a population
of CD4�CD25� and CD8� T cells.

NO-Induced CD4�CD25� T Cell Proliferation Is IL-2- and OX40-
Dependent. We then characterized the NO-stimulated
CD4�CD25� T cells by first examining the cytokines in the
supernatant of CD4�CD25� T cells cultured with �CD3 and APC
in the presence of NO. IL-4, IFN�, TNF�, and granulocyte/
macrophage colony-stimulating factor were produced in low con-
centrations (�10 pg/ml) and were not affected by the presence of
NO (data not shown). In contrast, IL-2 synthesis was markedly
enhanced by the addition of NO in a dose- and time-dependent
manner (Fig. 2A). The production of IL-2 closely paralleled the
proliferation of CD4�CD25� T cells, suggesting a causal relation-
ship between IL-2 synthesis and cellular differentiation. The NO-
induced proliferation of CD4�CD25� T cells depended on IL-2
production, because the effect was completely abrogated by a
neutralizing anti-IL-2 antibody and because cells from IL-2�/� mice

did not proliferate in response to NO. However, the induction of
IL-2 synthesis by NO was transient, peaking at days 3–4, falling back
to background level by day 5, and was not detectable by day 7 (SI
Fig. 9). No IL-2 synthesis was detected in culture of CD4�CD25�

Tregs similarly activated with NO (data not shown).
Because IL-2 can induce its own receptor expression (27), we

investigated the effect of NO on IL-2R� (CD25) expression. CD25
expression on CD4�CD25� T cells was induced by NO in a time-
and dose-dependent manner. Furthermore, the induction of CD25
expression by NO was markedly reduced by a neutralizing anti-IL-2
antibody (Fig. 2B).

OX40–OX40L interaction has been reported to be a key co-
stimulator for T cell proliferation (28). Therefore, we investigated
OX40 expression on CD4�CD25� T cells after NO stimulation in
the presence of �CD3 and APC. NO markedly enhanced OX40
expression on CD4�CD25� T cells in a dose- and time-dependent
manner. More importantly, CD4�CD25� T cells from OX40�/�

mice were not responsive to NO-induced proliferation (Fig. 2C).
Furthermore, OX40 expression and IL-2 synthesis were mutually
dependent. OX40 expression on CD4�CD25� T cells was inhibited
by anti-IL-2 antibody, and cells from OX40�/� mice did not
produce IL-2 when stimulated by NO.

OX40 was reported to mediate its proproliferative function via
the transcription factor survivin (29). Therefore, we investigated the
expression of survivin in CD4�CD25� T cells after NO stimulation
in the presence of �CD3 and APC. NO induced survivin expression
in CD4�CD25� T cells in a time- and dose-dependent manner (Fig.
2D). Furthermore, NO-induced survivin expression was reduced by
anti-OX40L antibody (data not shown), and survivin was not
inducible by NO in cells from OX40�/� mice.

Thus, it appears that NO enhances the production of IL-2, which
is evident 2 days after NO stimulation. IL-2 then induces IL-2R�
(CD25) expression, which starts 3 days after NO stimulation. IL-2
amplifies cellular proliferation in an autocrine manner via CD25.
IL-2 also induces OX40 expression, which appears 3 days after NO
stimulation. OX40 contributes to the expanded cells’ survival via
the induction of survivin.

NO-Induced CD4�CD25� T Cell Proliferation Is p53-Dependent. The
remarkable proliferation and survival of the blast-like, NO-induced
CD4�CD25� T cells prompted us to investigate the potential role
of p53, the quintessential tumor-suppressor gene (30). Unexpect-
edly, CD4�CD25� T cells from p53�/� mice failed to proliferate,
differentiate, or form blasts in response to NO in the presence of
�CD3 and APC (Fig. 3A). Furthermore, cells from p53�/� mice
also failed to produce IL-2 or to express CD25 or OX40 (Fig. 3B).
Western blot analysis showed that wild-type CD4�CD25� T cells
stimulated with NO expressed enhanced levels of p53 protein from
days 1–2 of culture before returning to the basal level (Fig. 3C).
Thus, it appears that NO enhances p53 expression, which leads to
increased production of IL-2 and the subsequent expression of
CD25, OX40, and survivin.

NO-Tregs Are Foxp3�. The conversion of CD4�CD25� cells to
CD4�CD25� T cells by NO prompted us to investigate the sup-
pressive function of this population of cells with the Treg pheno-
type. Freshly purified CD4�CD25� cells (responders) were cocul-
tured with NO-induced CD4�CD25� T (NO-Tregs) cells or freshly
purified CD4�CD25� T (natural Tregs) cells in the presence of
�CD3 and APC. NO-Tregs were as efficient as the natural Tregs
in suppressing the responders’ differentiation (Fig. 4A). NO-Tregs
proliferated in response to restimulation with �CD3 and APC. This
proliferation was significantly enhanced by the presence of NO (SI
Fig. 10). On restimulation, NO-Tregs produced significant amounts
of IL-4 and IL-10 (Fig. 4B) but produced little or no IL-2, TGF�,
or IFN� (data not shown). The proliferation of NO-Tregs was
significantly reduced by anti-IL-4, but not by anti-IL-10 antibody
(Fig. 4C). In contrast, the suppressive effect of NO-Tregs on the
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Fig. 1. NO enhanced proliferation, division, and viability of CD4�CD25� T
cells. (A) CD4�CD25� and CD4�CD25� T cells from BALB/c mice were cultured
with s�CD3, APC, and the NO donor (NOC-18). Cell proliferation was deter-
mined on day 4. (B) The cells in A also were cultured with 200 �M NOC-18, and
proliferation was determined from days 1–8. (C) CFSE-labeled CD4�CD25� T
cells were cultured with s�CD3, APC, and NO, and cell division was assayed on
days 2 and 9 (gray, control without s�CD3 or NO; dark gray, �NO; green, �50;
blue, 100; red, 200 �M NOC-18). (D) Cell viability (percentage indicated by
arrows) was determined on day 6 with annexin/7-aminoactinomycin D. (E) Cell
size was determined by forward cell scattering (gray, �NO; blue, 100; red, 200
�M NOC-18) and propidium iodide staining (78% at G1/G2, 5% S, 2% G2/M, and
15% apoptotic) on day 11. (F) CD4�CD25� T cells from OVA-TcR transgenic
mice (DO.11.10) were cultured with 300 nM OVA peptide323–339, APC and 100
�M NOC-18 for 6 days, and proliferation was determined. All results are
representative of three experiments, and cell proliferation is expressed as
cpm � SD (n � 3). *, P � 0.05; **, P � 0.01, compared with cultures without NO.
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responder cells was significantly reversed by anti-IL-10, but not by
anti-IL-4, antibody (Fig. 4D). This result was confirmed by the
finding that NO-Tregs from IL-4�/� mice remained suppressive (SI
Fig. 11), whereas NO-Tregs from IL-10�/� mice were not suppres-
sive (SI Fig. 11B). NO-Tregs treated with mitomycin-C also lost
their suppressive activity (SI Fig. 11C).

Foxp3 expression has been closely associated with the function of
Tregs. Therefore, we examined Foxp3 expression in NO-Tregs.
Freshly purified CD4�CD25� and CD4�CD25� T cells from
BALB/c mice were cultured with �CD3 and APC for �6 days in the
presence of NO. Although natural Tregs expressed high levels of
Foxp3, which was markedly elevated by the presence of NO,
CD4�CD25� T cells did not express detectable levels of Foxp3 with
or without the presence of NO (Fig. 4 E and F). NO-Tregs also did
not express detectable levels of Foxp3 after restimulation by �CD3
and APC with or without the presence of additional NO (data not
shown). In contrast, NO-Tregs expressed enhanced levels of
GATA3 (a key Th2 transcription factor) and decreased levels of
T-bet (the central Th1 transcription factor) (Fig. 4G). NO-Tregs
also expressed GITR, a marker of, among others, natural Tregs (31,
32) and CD27 (recently reported to be a marker of activated human

Tregs) (SI Fig. 12) (33). Thus, NO-Tregs have a Th2-like phenotype
with no detectable expression of Foxp3, and the suppressive effect
is IL-10-dependent.

Induction of NO-Tregs in Vivo. We next investigated the induction of
NO-Tregs in vivo. SCID mice were injected i.p. with 4 � 106

CD4�CD25� T cells together with LPS and IFN� (to generate NO
in vivo). The mice were then injected i.p daily for 3 days with the
NOS inhibitor NG-monomethyl-L-arginine (NMMA) or the inac-
tive D-NMMA. Mice were killed on day 4; the spleen, lymph nodes,
and peritoneal exudates were harvested; and the total number of
CD4�CD25� T cells was counted. Whereas �1.2 � 106

CD4�CD25� T cells were harvested from mice treated with
D-NMMA, �2 � 105 CD4�CD25� T cells were collected from mice
treated with L-NMMA (Fig. 5A). The CD4�CD25� T cells from
mice treated with the control D-NMMA were as efficient as natural
Tregs in suppressing the proliferation of effector cells (Fig. 5B).
These results demonstrate that NO-Tregs can be generated from
CD4�CD25� T cells in vivo by endogenously produced NO.

NO-Tregs Attenuate Colitis and Collagen-Induced Arthritis (CIA). To
investigate the function of NO-Treg in vivo, we used two models of
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Fig. 2. NO-induced CD4�CD25� T cell pro-
liferation depends on IL-2 and OX40 and
associated with survivin. CD4�CD25� T cells
from BALB/c mice were cultured for 6 days
(unless stated otherwise) as in Figure 1. (A)
NO induced IL-2 synthesis in a time- and
dose-dependent manner. IL-2 synthesis cor-
related with cell proliferation. NO-induced
T cell proliferation was abrogated by �IL-2
antibody, and IL-2�/� cells (B6 � 129 strain)
did not respond to NO. (B) NO induced CD25
expression in a time- and dose-dependent
manner and was reduced by �IL-2 (gray,
�NO; green, �50; blue, 100; red, 200 �M
NOC-18). (C) OX40 was induced by NO in a
time- and dose-dependent manner and was
inhibited by �IL-2 (color code as in B).
CD4�CD25� T cells from OX40�/� mice (B6 �
129 strain) did not produce IL-2 or prolifer-
ate when stimulated with NO. (D) NO in-
duced survivin expression in a time- and
dose-dependent manner (gray, isotype con-
trol; blue, �NO; red, 200 �M NOC-18), and
OX40�/� cells did not express survivin in
response to NO (day 4). Data are represen-
tative of three experiments each. For cpm
and IL-2, data are mean � SD (n � 3). *, P �
0.05; **, P � 0.01, compared with control
without NO.
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murine inflammatory disease, colitis and CIA. SCID mice were
reconstituted with CD4�CD25� effector T cells on day 0 and
infected in the footpad with the protozoan parasite Leishmania
major on day 1 as described in ref. 34. The mice were injected i.p.
with NO-Tregs on day 21. Control mice not transferred with
NO-Tregs developed colitis from day 14, whereas those treated with
NO-Tregs recovered from the disease (Fig. 6A). The therapeutic
effect of NO-Tregs in colitis was confirmed by histological exam-
ination (SI Fig. 13A). The disease recovery was accompanied by a
reduction in IFN� and IL-4 but also by an increase in IL-10 synthesis
(Fig. 6B). The therapeutic effect of NO-Tregs on colitis was
reversed by the injection of anti-IL-10R antibody (Fig. 6C). Fur-
thermore, the disease-promoting effect of NO-Tregs on Leishma-
nia infection also was reversed by the anti-IL-10R antibody (Fig.
6C). In the CIA model, DBA/1 mice were immunized with type II
collagen (CII) in complete Freund’s adjuvent (CFA) and boosted
with CII (35) and injected i.p. with NO-Tregs 21 days later. Mice
treated with NO-Tregs developed significantly less-severe arthritis
compared with the untreated control mice (Fig. 6D). The reduction
in disease severity also was evident in histological examination (SI
Fig. 13B) and was accompanied by reduced IL-6 and TNF� but with
increased IL-10 concentration in the serum (Fig. 6E). Therefore,
these results demonstrate that NO-Tregs could cure established
inflammatory conditions and that the therapeutic effect is IL-10-
dependent.

Discussion
The heterogeneity of Tregs has recently been recognized. In
addition to the naturally occurring Tregs, Tregs are now known to

be inducible from CD4�CD25� T cells by specific antigens in
humans and mice (36–38). Tregs with a Th1-like phenotype also
have been reported (39), whereas Tregs induced by IL-10 mediate
their suppressive function in the absence of Foxp3 (40). NO-Tregs
reported here represent a previously unrecognized subset of Tregs
derived from CD4�CD25� T cells induced by NO together with
TcR activation. NO-Tregs are CD4�CD25�, Foxp3�, GITR�, and
CD27�, with a Th2 phenotype; they cure inflammatory disease in
an IL-10-dependent manner. NO-Tregs are distinct from natural
Tregs in that NO-Tregs do not express Foxp3. NO-Tregs also are
different from Th3 in that NO-Tregs do not produce TGF�.
NO-Tregs also are distinct from Th2 cells because Th2 are not
suppressive against CD4�CD25� effector cells. However, NO-
Tregs are akin to Tr1 in that both NO-Tregs and Tr1 are IL-10-
dependent but Foxp3-independent. However, NO-Tregs are
different from Tr1 in that the induction of NO-Tregs is
IL-10-independent.
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Fig. 3. NO-induced CD4�CD25� T cell proliferation was p53-dependent. (A)
Cells from p53�/� mice (B6 � 129 strain) did not show enhanced proliferation,
blast formation (forward scattering), or cell division (CFSE) in response to NO
(gray, �NO; blue, 100; red, 200 �M NOC-18). (B) p53�/� cells failed to produce IL-2
or express CD25 or OX40 (color code as in A). (C) Western blot of kinetics of p53
expression induced by NO (200 �M NO-C18) in CD4�CD25� T cells from BALB/c
mice. Relative density, p53 vs. �-actin. All data are representative of three exper-
iments. *, P � 0.05; **, P � 0.01, compared with controls without NO.

A B

100
100

150

D EC
120

100
150

100

1000

100

F G
1600

1200

Fig. 4. NO-Tregs suppressedCD4�CD25� Tcellproliferationwithoutexpression
of Foxp3. (A) CFSE-labeled-CD4�CD25� T cells (responders from BALB/c mice)
were cocultured with s�CD3 � APC and a reducing number of freshly purified
CD4�CD25� T cells (natural Tregs) or CD4�CD25� T cells stimulated for 6 days
previously with 200 �M NOC-18 (NO-Tregs). Division of the responder cells was
assayed by FACS on day 3. (B) NO-Tregs (red) were as efficient as natural Tregs
(blue) in suppressing the differentiation of the responders (gray, responders
alone; black, responders without s�CD3 or APC). NO-Tregs produced IL-4 and
IL-10andproliferatedwhenrestimulatedwiths�CD3�APC. (C)Theproliferation
wasblockedbyanti-IL-4,butnotbyanti-IL-10antibody. (D)However, suppression
of the proliferation of the responders by NO-Tregs was reversed by anti-IL-10, but
not by anti-IL-4 antibody. (E and F) NO-Tregs did not express Foxp3, whereas
natural Tregs showed enhanced Foxp3 expression (E, TaqMan PCR; F, flow cy-
tometry, day 2 culture with s�CD3 � APC; gray, NO-Tregs stained with isotype
antibody; red, NO-Tregs; black, natural Tregs stained with �Foxp3 antibody).
Similar results were obtained with day 6 cultures (data not shown). (G) NO-Tregs
showed enhanced GATA3 and reduced T-bet expression (TaqMan PCR, day-6
cultures). Data are representative of three experiments. *, P � 0.05; **, P � 0.01,
compared with control without NO.
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In agreement with earlier reports (25), natural Tregs did not
produce detectable levels of IL-2 and, hence, could not respond to
the NO–p53–IL–2 pathway (Fig. 7). This result could explain the
selective action of NO on CD4�CD25� T cells, but not on
CD4�CD25� T cells. CD4�CD25� T cells produced large amounts
of IL-2 in their initial response to NO and TcR triggering. However,
NO-Tregs matured from CD4�CD25� T cells after 6 days culture
with NO, and TcR stimulation could no longer produce IL-2. In
contrast, NO-Tregs produced substantial levels of IL-4 and IL-10.
IL-4 was able to sustain the proliferation of NO-Tregs, which used
IL-10 for their suppressive function. The mechanism for the selec-
tive induction of IL-4 and IL-10, but not IL-2, by NO on NO-Tregs
is currently unknown and merits further investigation. It could well
involve the selective modulations of T-bet (41, 42) and GATA3
(43–44), the master switches for Th1 and Th2, respectively.

NO has been reported to prevent apoptosis (45) and to stabilize
p53 expression (46). Although p53 is normally associated with
suppressing cellular proliferation, overexpression of the p53-
dependent gene, Hi95, a member of the sestrin gene family, has
been reported to protect cells against hydrogen peroxide-induced
apoptosis (47). The observation here that NO-mediated induction
of IL-2 is p53-dependent is unexpected, because p53 has been
reported to inhibit directly the expression of IL-2 in activated T cells
(48). IL-2 is essential for the induction of Tregs (49, 50). In our
system, the effect of NO is independent of cGMP. Therefore, it is
conceivable that NO, in conjunction with TcR triggering, can
reprogram p53 functions, leading to enhanced expression of IL-2
with the subsequent induction of CD25, OX40, and survivin, which
increase cellular proliferation and prevent apoptosis (Fig. 7). Thus,
our data uncover a previously unrecognized NO signaling pathway
in cell differentiation.

To demonstrate the generation of NO-Tregs in vivo, we used
SCID mice to avoid the additional effect of natural Tregs. We used
LPS to mimic bacterial infection because SCID mice are highly
susceptible to infection. IFN� was administrated to induce NO in
vivo. The use of iNOS�/� mice (21–23) is unlikely to show a distinct
phenotype because eNOS and nNOS could compensate for iNOS
deficiency, and the combined effect of the three NOSs could well
be essential for the induction of NO-Tregs. Furthermore, iNOS�/�

mice would contain natural Tregs, which would not be separable
from NO-Tregs in vivo or ex vivo due to lack of selective cell surface
marker. Using a pan NOS inhibitor, L-NMMA, we demonstrated
that endogenously generated NO could induce NO-Tregs from
highly purified (�99.9%) CD4�CD25� T cells. It is likely that
NO-Tregs could be induced under acute infection to fine tune the
balance between host defense and autoimmunity. The 200–400 nM
dose of NO used is likely to occur in vivo in sites of acute infection
and inflammation and has been used routinely in experiments in
vitro (18–20). The relatively low production of NO by human
macrophages may suggest that the finding could be of limited
clinical implication. However, humans do produce substantial
amounts of NO, comparable with that of rodents in vivo, perhaps

by other inflammatory cells. Thus, it is likely that the findings
reported here are equally applicable to humans.

NO-Tregs are effective in treating established experimental
inflammation, demonstrating their potential therapeutic value in
clinical inflammatory diseases. During acute infections, NO could
be produced locally at the site of infection or in the lymphoid organs
as a consequence of the production and stimulatory effects of

A B

Fig. 5. Generation of NO-Tregs in vivo. (A) L-NMMA, but not D-NMMA,
prevented the generation of CD4�CD25� T cells in SCID mice (n � 5) trans-
ferred with CD4�CD25� T cells and injected with LPS and IFN�. (B) Generated
NO-Tregs are as suppressive as natural Tregs. Results are representative of two
experiments.

A

B

C

D

E

Fig. 6. NO-Tregs attenuated colitis and CIA. (A) NO-Tregs reversed the body-
weight loss and colon pathology of SCID mice reconstituted with CD4�CD25� T
cells. Data are mean � SD (n � 5) and representative of two experiments. (B)
Lymphnodecells fromNO-Tregs-treatedmice(as inA)producedless IFN�andIL-4
but produced more IL-10 (ELISA of supernatants from day-3 cultures with plate-
bound �CD3). (C) The therapeutic effect of NO-Tregs on colitis and the disease-
promoting effect of NO-Tregs on leishmaniasis were reversed by anti-IL-10R
antibody (for clarity, control group without NO-Tregs is not shown, similar to the
�IL-10R group; see A). (D) NO-Tregs attenuated established CIA. Data are mean �
SD (n � 10). (E) Sera from NO-Tregs-treated mice (as in D) produced less IL-6 and
TNF�, but produced more IL-10 (ELISA). Arrows indicate day of NO-Tregs injec-
tion. *, P � 0.05; **, P � 0.01, compared with control without NO.
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proinflammatory cytokines (such as IFN�). NO is not only neces-
sary to combat the pathogens but are known to damage host tissues.
Thus, it is critical that the excessive immune responses be tightly
controlled. The induction of a subpopulation of NO-Tregs may
represent an important mechanism to prevent autoimmunity by
limiting excessive effector T cell activities (Fig. 7).

Materials and Methods
Further information is presented in SI Materials and Methods.

Cell Cultures and Assays. CD4�CD25� and CD4�CD25� T cells
were purified from the spleen and lymph nodes of mice by

autoMACS (34) and cultured with �CD3 and APC for �14 days in
the presence of the NO donor NOC-18 with or without �IL-2,
�IL-4, and �IL-10 antibodies. Cell proliferation was determined by
3H incorporation and carboxyfluorescein diacetate succinimidyl
ester (CFSE) staining. Cell surface markers CD25, OX40, GITR,
and CD27 (BD Bioscience, San Jose, CA) and intracellular expres-
sion of survivin (Novus Biologicals, Littleton, CO) and Foxp3
(eBioscience, San Diego, CA) were determined by FACS using
antibodies as indicated. Expression levels of Foxp3, T-bet, and
GATA3 were analyzed by quantitative PCR.

Colitis Model. The colitis model was carried out as described in ref.
34. SCID mice were infected in the right hind footpad with 1 � 106

stationary-phase Leishmania major (LV39) promastigotes 1 day
after receiving i.p. 5 � 105 CD4�CD25� cells. On day 21, SCID
mice were injected i.p. with 2.5 � 106 cells per mouse NO-Tregs. In
some experiments, mice also were injected i.p. on day 21 with 1 mg
of monoclonal anti-IL-10R antibody (DNAX Research Laborato-
ries, Palo Alto, CA) or control rat IgG2a. Mice were monitored for
body weight at regular intervals. At the end of the experiment, mice
were killed, and draining lymph node cells were harvested and
cultured in vitro with immobilized �CD3. Culture supernatant was
harvested at 72 h and assayed for cytokines by ELISA.

Arthritis Model. CIA was induced in DBA/1 mice by intradermal
injection of 200 �g of acidified bovine CII (Sigma–Aldrich, St.
Louis, MO) emulsified in complete Freund’s adjuvant (CFA)
(Difco, Detroit, MI) and boosted i.p. with 200 �g of CII in PBS on
day 21 as described in ref. 35. On day 21, NO-Tregs (2.5 � 106 per
mouse) were injected i.p. Mice were monitored for signs of arthritis,
scored (35), and killed on day 40, and sera were collected and
assayed for cytokines by ELISA.
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Fig. 7. Schematic representation of the induction and function of NO-Tregs.
NO can be produced during infection and inflammation, which mutually
regulate each other. NO, together with TcR signaling, stabilize p53, which in
turn enhances IL-2 synthesis in CD4�CD25� T cells. IL-2 induces IL-2R� (CD25)
expression. Interaction of IL-2 and CD25 enhances cellular proliferation. IL-2
also induces OX40 (CD134) expression, which, when engaged by OX40 ligand
(OX40L), leads to the induction of survivin, which prevents apoptosis. The
resulting proliferative T cells are immunosuppressive NO-Tregs, which can
suppress inflammatory response and, hence, limit potentially damaging au-
toimmune diseases resulting from the infection.
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