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Abstract
TGF-β can induce Foxp3+ inducible regulatory T cells (Treg) and also synergize with IL-6 and
IL-4 to induce Th17 and Th9 cells. We now report that NO modulates TGF-β activity away from
Treg but toward the Th1 lineage. NO potentiated Th1 differentiation in the presence of TGF-β in
both IL-12–independent and –dependent fashions by augmenting IFN-γ–activated STAT-1 and T-
bet. Differentiation into Treg, Th1, and Th17 lineages could be modulated by NO competing with
other cofactors, such as IL-6 and retinoic acid. NO antagonized IL-6 to block TGF-β–directed
Th17 differentiation, and together with IL-6, NO suppressed Treg development induced by TGF-β
and retinoic acid. Furthermore, we show that physiologically produced NO from TNF and
inducible NO synthase-producing dendritic cells can contribute to Th1 development
predominating over Treg development through a synergistic activity induced when these cells
cocluster with conventional dendritic cells presenting Ag to naive Th cells. This illustrates that NO
is another cofactor allowing TGF-β to participate in development of multiple Th lineages and
suggests a new mechanism by which NO, which is associated with protection against intracellular
pathogens, might maintain effective Th1 immunity.

Thelper cells (CD4+) are crucial to immune function by producing distinct profiles of
cytokines such as Th1, Th2, and Th17 that have been associated with individual responses
against intracellular pathogens, parasites, allergens, and self-Ags linked to autoimmune
disease (1-3). Naive CD4 T cells do not immediately express these phenotypes but are
directed to differentiate into them by other cytokines thought largely to derive from innate
cells that either present Ag to naive T cells or are activated to secrete directive cytokines
early during an immune response. For example, dendritic cells (DC) producing IL-12 can
support Th1 development (1), whereas mast cells or basophils producing IL-4 can support
Th2 development (4). Additionally, naive CD4 T cells can differentiate into a further subset
termed adaptive or inducible regulatory T cells (iTreg) that express Foxp3 and play
important roles in suppressing immune responsiveness and antagonizing the activity of the
Th1, Th2, and Th17 subsets (5-7). TGF-β is critical for promoting Foxp3 expression and
directing iTreg differentiation. Although this action of TGF-β corresponds with the notion
that it is an immunosuppressive cytokine, TGF-β can have proinflammatory activities. IL-6
promotes autoimmune predisposing Th17 cells and suppresses Treg development, but only
in synergy with TGF-β (8, 9). Furthermore, recent data show that IL-4 can synergize with
TGF-β to promote a novel subset of cells, termed Th9 (10, 11), that make IL-9 but not other
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classic Th2 cytokines and presumably participate in allergic-type reactions and protection
against helminths. This has raised the question of whether other soluble mediators, produced
by innate immune cells, might modulate Th differentiation and could act together with TGF-
β to promote the development of subsets other than Th17 and Th9 cells.

NO, a product of L-arginine metabolism regulated by NO synthase (NOS), has been known
to play a role in the immune system for ~20 y (12). It was first described to be a product of
macrophages, made in response to microbes and cytokines such as IFN-γ, and functioned
directly to kill or suppress replication of infectious pathogens such as bacteria, viruses,
protozoa, and fungi. It is now clear that NO might have many modulatory actions on the
immune system and can be produced by varying types of cells including neutrophils,
eosinophils, and nonhematopoietic cells (13, 14). Interestingly, NO can also be made by
subsets of DC (15, 16), yet its role in DC function is not understood. In particular, TNF and
inducible NOS (iNOS)-producing DC (TipDC), or simply iNOS-producing inflammatory
monocytes, have been identified as sources of NO in a variety of infections (16-18),
suggesting that NO produced from TipDC is involved in both innate and adaptive immunity
to pathogens. There are additionally reports suggesting that NO might be suppressive for
certain T cell functions when present at high concentrations, such as blocking IL-2R
signaling (14, 19), or might enhance IL-12–driven Th1 differentiation at lower
concentrations by promoting expression of IL-12Rβ2 and enhancing IL-12 signaling in T
cells (20, 21). Another more recent report has suggested that NO could enhance the
generation of a type of Treg from naive CD4+ T cells that does not express Foxp3 but
secretes IL-10 (22). This collectively implies that NO might display several modulatory
activities, which can be positive or negative, depending on how much is made and the
context in which it is available.

Because IFN-γ can promote the expression and activity of iNOS/NOS2 and is the hallmark
of Th1 responses and clearance of intracellular pathogens, we questioned whether NO might
help to promote Th1 responses in the presence of TGF-β. In this study, we show that NO
strongly suppresses the induction of Foxp3+ Treg driven by TGF-β and instead results in T
cells diverging into the Th1 lineage. Furthermore, IL-6 and NO compete in synergizing with
TGF-β to determine differentiation into the Th17 versus Th1 lineages. Mechanistically, NO
intensifies IFN-γR signals in Th cells by augmenting STAT-1 intracellular trafficking and
increasing T-bet expression, resulting in a synergistic activity with IFN-γ that augments Th1
differentiation. Lastly, we show that TipDC potentiate Th1 differentiation by producing NO
in collaboration with conventional DC (cDC). Thus, several soluble innate factors, two
cytokines, IL-6 and IL-4, and a metabolite of L-arginine, NO, can determine whether T cell
exposure to TGF-β results in Treg differentiation or T cell subsets associated with
development of autoimmunity, development of allergy, or protection against extracellular
and intracellular pathogens.

Materials and Methods
Mice and bacteria

OT-II mice on a C57BL/6 background were bred at La Jolla Institute for Allergy and
Immunology. C57BL/6J (CD45.2+) and C57BL/6Pep3b/BoyJ (CD45.1+) mice were purchased
from The Jackson Laboratory. Listeria monocytogenes were grown and purified as
previously reported (16). All experiments were in compliance with the regulations of the La
Jolla Institute for Allergy and Immunology animal care committee in accordance with
guidelines of the Association for the Assessment and Accreditation of Laboratory Animal
Care.
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Cells
DC from spleen were isolated by MACS with CD11c-microbeads as described previously
(23). TipDC (CD11bhiLy-6ChiCD11c−/loMHC class II+) and cDC
(CD11bmedLy-6Clo/−CD11chiMHC class II+) were from spleens of mice that were i.v.
infected with L. monocytogenes (5,000–10,000 CFU) purified by cell sorting with
FACSAria (BD Biosciences) 2 d postinfection. OT-II or polyclonal CD4 T cells were
enriched over MACS LS columns by negative isolation with a CD4+ T cell kit (Miltenyi
Biotec). Naive CD4 T cells were further purified by cell sorting with FACSAria or
FACSDiva (BD Biosciences) by gating cells as CD4+CD25−CD44loCD62Lhi.

In vitro lineage differentiation of CD4+ T cells
A total of 1 × 105 naive OT-II T cells and 1–2 × 104 DC were cultured in 96-well plates in
250 ml in complete IMDM media (Invitrogen) in the presence of OVA323–339 peptides (1
μM) for 4 d. Exogenous cytokines and reagents were used as follows: recombinant human
TGF-β1 (5–20 ng/ml), IL-6 (1–20 ng/ml) (both from R&D Systems); all-trans retinoic acid
(RA; 0.1–10 nM; Sigma-Aldrich); (Z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)
amino]diazen-1-ium-1,2-diolate (DETA-NONOate; 10–100 μM), S-nitroso-N-acetyl-D-L-
penicillamine (SNAP; 10–100 μM), 8-Br-cGMP (0.1–1 μM), N6-(1-iminoethyl)-L-lysine
dihydrochloride (L-NIL; 0.1–1 mM) (all from Alexis Biochemicals); anti–IFN-γ (XMG1.2),
anti–IL-12/23p40 (C17.8; 5–20 μg/ml) (BD Biosciences); and rat IgG (KLH/G1-2-2;
Southern Biotechnology Associates). Th cell lineages were determined by intracellular
staining of IFN-γ (Th1), IL-17A (Th17), and Foxp3 (Treg) after restimulating cells with
PMA and ionomycin (Sigma-Aldrich) for 5 h in the presence of GolgiPlug (BD
Biosciences). The following Abs were used for flow cytometry: biotin-conjugated rat IgG1
(RTK2071; Biolegend); FITC-conjugated anti-CD44 (1M7), anti–IFN-γ (XMG1.2) (both
from BD Biosciences); anti–Ly-6C (HK1.4; Biolegend); PE-conjugated anti-CD25 (PC61),
anti–IFN-γ (XMG1.2) (BD Biosciences); anti–IL-17A (TC11-18H10.1; Biolegend); anti-
NOS2 (N-20; Santa Cruz Biotechnology), streptavidin (Invitrogen); allophycocyanin-
conjugated anti-CD11c (HL3; BD Biosciences); anti-CD62L (MEL-14), anti-Foxp3
(FJK-16s; eBioscience); PerCP-conjugated anti-CD4 (RM4.5; BD Biosciences); PerCP-
Cy5.5–conjugated anti-CD11b (M1/70; BD Biosciences); and Pacific Blue-conjugated anti–
I-A/E (M5/114.15.2; Biolegend). For measuring mRNA expression of transcription factors,
CD4 T cells were harvested, washed with PBS, and then RNA was isolated using TRIzol
(Invitrogen), and cDNA was synthesized from total RNA using the Superscript III system
(Invitrogen) following the instructions provided by the manufacturer. Subsequently, the
cDNA was subject to real-time PCR using SYBR Green (Roche) and the RT-PCR–specific
primers. The sequences of primers were as follows: Foxp3 forward, 5′-GGC CCT TCT CCA
GGA CAG A-3′; Foxp3 reverse, 5′-GCT GAT CAT GGC TGG GTT GT-3′; RA-related
orphan receptor γt (RORγt) forward, 5′-GGA CAG GGA GCC AAG TTC TCA G-3′;
RORγt reverse, 5′-CAC AGG TGATAA CCC CGT AGT GG-3′; T-bet forward, 5′-CAA
CAA CCC CTT TGC CAA AG-3′; T-bet reverse, 5′-TCC CCC AAG CAG TTG ACA
GT-3′; IFN-γ forward, 5′-AAC GCT ACA CAC TGC ATC TTG G-3′; IFN-γ reverse, 5′-
GCC GTG GCA GTA ACA GCC-3′; iNOS forward, 5′-GAA GAA AAC CCC TTG TGC
TG-3′; iNOS reverse, 5′-GTC GAT GTC ACA TGC AGC TT-3′; L32 forward, 5′-GAA
ACT GGC GGA AAC CCA-3′; L32 reverse, 5′-GGA TCT GGC CCT TGA ACC TT-3′; β-
actin forward, 5′-ACA GCT TCT TTG CAG CTC CT-3′; and β-actin reverse, 5′-AGT CCT
TCT GAC CCA TTC C-3′. Data were collected and analyzed on a Roche LightCycler 480
(Roche).

Immunofluorescent staining
T cells (1× 105) were loaded onto a poly-L-lysine–coated coverslip (BD Biosciences), fixed
in 4% paraformaldehyde solution (USB), permeabilized in 0.3% saponin (Sigma-Aldrich)/
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PBS, and treated with 5% BSA/PBS. Cells were incubated with mouse anti–STAT-1 Ab
(BD Transduction Laboratory) followed by additional incubation with goat anti-mouse IgG
(H+L) Cy3 (Molecular Probes). Cells were finally stained with DAPI to visualize the nuclei.
Coverslips were mounted with FluorSave (Calbiochem) reagent, and immunofluorescence
was analyzed under the Zeiss Axiovert 200M scope (Carl Zeiss), integrated with 3i’s
Slidebook 4.2 software (Intelligent Imaging Innovations). Cells that displayed nuclear
STAT-1 colocalized with DAPI were quantified and expressed as the percentage of the total
cells. The data shown are representative of one of three independent double-blinded
experiments. For immunofluorescent staining of spleens, frozen sections were cut and
permeabilized with 0.2% Triton X-100 in PBS. After blocking with goat IgG (Calbiochem),
sections were stained with anti-iNOS (rabbit polyclonal IgG; Millipore) followed by
incubation with HRP-conjugated anti-rabbit IgG (Pierce). Cell-surface markers CD3e, CD4,
and CD11c were further stained, and the nucleus was stained with DAPI. Sections were then
mounted with a mounting medium (Fluoromount G; Southern Biotechnology Associates)
and analyzed using a Marianas fluorescence microscope (Intelligent Imaging Innovations).
Images were processed and analyzed with ImageJ software (National Institutes of Health).

Western blots
Cellular extracts were prepared by lysing cells in cell lysis buffer (Cell Signaling
Technology; 20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1.0% Triton, and 1 mM EGTA)
supplemented with a protease and phosphatase inhibitor mixture. Equal amounts of protein
were separated by electrophoresis in SDS-polyacrylamide gel and electrotransferred onto a
polyvinylidene difluoride membrane (Invitrogen). After blocking, blots were incubated at
4°C overnight with Abs to phospho-Smad3 and actin (Cell Signaling Technology) followed
by HRP-conjugated anti-rabbit IgG. Signals were developed with ECL Western blotting
Substrate (Thermo Fisher Scientific), and the membranes were exposed to x-ray films.

Results
NO modulates TGF-β differentiation signals

TGF-β has been found to induce differentiation of adaptive Treg by upregulating Foxp3
expression in responding naive CD4 T cells (5, 6). To investigate whether NO might
modulate TGF-β activity and alter Th differentiation, naive CD4
(CD25−Foxp3−CD44loCD62Lhi) T cells specific for OVA were exposed to cognate Ag
presented on DC in the presence of TGF-β. As an exogenous source of NO, two NO donors
were added, DETA-NONOate and SNAP. As expected, TGF-β strongly promoted a
population of T cells that expressed Foxp3. In contrast, the NO donors dose-dependently
suppressed this activity (Fig. 1A; 32 to ~3% Foxp3+). Significantly, whereas few IFN-γ– or
IL-17–producing effector T cells resulted with TGF-β in isolation, the NO donors strongly
promoted the Th1 subset when combined with TGF-β (Fig. 1A; ~4 to 40–50% IFN-γ+), but
had no effect on induction of Th17 cells. Thus, NO has the capacity to reprogram TGF-β
differentiation signals into the Th1 lineage.

In our cultures with splenic DC, differentiation under neutral conditions was toward Th1 in
that peptide presentation led to upregulation of T-bet but not RORγt or Foxp3 mRNA
expression (Fig. 1B, Supplemental Fig. 1). Of note, NO alone in the absence of exogenous
cytokines was able to enhance T-bet expression as well as Th1 differentiation (Supplemental
Fig. 1). Exogenous TGF-β did not markedly affect T-bet expression, but strongly promoted
Foxp3, and NO suppressed this Foxp3 expression while augmenting T-bet (Fig. 1B). This
suggests that NO modulates the Treg/Th1 balance in the presence of TGF-β by regulating
the expression of Th subset-specific transcription factors.
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NO competes with IL-6 and RA to determine the Th1/Th17/Treg balance
Treg differentiation induced by TGF-β can be antagonized by IL-6 that reprograms
differentiation into the Th17 subset (8, 9). NO also suppressed Treg development, but its
action was separable from that of IL-6 in that NO had no ability to promote Th17 cells and
IL-6 no ability to promote Th1 cells (Figs. 1A, 2A). To further address this, we titrated IL-6
in the presence of NO to determine how varying the levels of IL-6R signals would influence
the activity of NO and modulate differentiation into alternate Th subsets. Addition of the NO
donor SNAP in the presence of TGF-β and a low dose of IL-6 (0.1 ng/ml) preferentially
promoted Th1 differentiation (Fig. 2A). Increasing doses of IL-6 (1–10 ng/ml) suppressed
NO-induced Th1 differentiation and promoted Th17 cells. Another NO donor, DETA,
showed a similar competitive activity with varying doses of IL-6 (Fig. 2A). As expected,
IL-6 together with TGF-β greatly induced mRNA for RORγt while suppressing T-bet (Fig.
2B), essentially opposite to the action of NO, which elevated T-bet with no induction of
RORγt. In contrast, IL-6, when titrated into cultures with the NO donor and TGF-β, blocked
T-bet first and then at higher concentrations promoted RORγt (Fig. 2B). However, RORγt
and IL-17 production was significantly lower when the NO donor was active in the presence
of IL-6 and TGF-β. Interestingly, a medium dose of IL-6 in combination with NO resulted in
almost no T-bet or RORγt mRNA. These results directly show that NO and IL-6 compete to
determine the Th1/Th17 balance when naive T cells are exposed to the directive influence of
TGF-β.

To further assess competition between differentiation signals, we assessed the effects of NO
when RA was present. RA strongly enhanced expression of Foxp3 in the presence of TGF-β
(Fig. 2C) as reported previously (24-27). Moreover, a high level of RA (1 nM) allowed
TGF-β signals to maintain differentiation into the Treg subset by still promoting strong
Foxp3 expression even when high concentrations of IL-6 and the NO donor were used
separately or together (Fig. 2C and data not shown). When we used a lower concentration of
RA (0.1 nM), NO together with IL-6 then repressed the activity of RA for promoting Foxp3
expression. These data suggest that both NO and IL-6 have the capacity to modulate TGF-β
differentiation signals away from Foxp3 and Treg, but if there is a source of RA, such as a
gut-resident DC, the activity of RA will prevail over that of both NO and IL-6 and lead to a
preponderance of Foxp3+ Treg rather than Th1 or Th17 cells.

IFN-γ–dependent and –independent activity of NO
IFN-γ has been linked to NO production and activity of iNOS (12, 13), but IFN-γ has also
been shown to antagonize Foxp3 expression as well as itself promote Th1 differentiation (3,
28-30). We then questioned whether another feedback link between these molecules might
exist. Significantly, blocking IFN-γ during the priming of naive T cells largely prevented
NO in combination with TGF-β from antagonizing induction of Foxp3 and enhancing the
appearance of IFN-γ–secreting effector T cells (Fig. 3A). Prior results showed that NO in the
absence of TGF-β potentiated exogenous IL-12–driven Th1 differentiation (20, 21).
However, the splenic DC obtained from naive mice that were used in our cultures were
unlikely to be high IL-12 producers, suggesting that IL-12 might not be active in this
system. Confirming this, blocking IL-12 did not prevent NO from downregulating Foxp3
and up-regulating IFN-γ in the presence of TGF-β (Fig. 3A). Furthermore, when IFN-γ was
neutralized in cultures with TGF-β plus the NO donor and IL-6, no difference in Foxp3
expression was observed but NO still reduced differentiation into the Th17 lineage (Fig. 3B).
Therefore, NO can exert both IFN-γ–dependent and–independent activity and IL-12–
independent activity in modulating the Treg/Th1/Th17 balance when TGF-β is present.

Next, we assessed whether targeting one of the major signaling pathways activated by NO
could mimic its activity in modulating Th1 and Treg differentiation. NO binds to and
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activates guanylyl cyclase, which catalyzes the dephosphorylation of GTP to cyclic GMP
(cGMP) (31). cGMP has been described to be responsible for a number of activities of NO
on various cell types (19, 21). To determine if cGMP might account for the differentiative
capacity of NO on T cells, we supplemented TGF-β cultures with a cGMP analog. 8-Br-
cGMP dose-dependently suppressed Foxp3 induction in response to TGF-β and
concomitantly promoted some T cells to differentiate into IFN-γ producers (Supplemental
Fig. 2). The action of cGMP then partially replicated that of the NO donor, although levels
of conversion into Th1 cells were lower. These data therefore suggest that NO functions at
least in part by inducing cGMP production and that altering cGMP levels has the potential to
dictate the Treg/Th1 balance.

Synergy between NO and IFN-γ for Th1 differentiation
To address whether NO directly targeted T cells, we stimulated naive Th cells with plate-
bound anti-CD3 and soluble anti-CD28 in the presence of TGF-β. In these cultures, 50–60%
of T cells became Foxp3+, and ~2% of T cells gained expression of IFN-γ (Fig. 4A, DMSO
control). NO increased Th1 differentiation (~6%) and T-bet expression, whereas it modestly
reduced Treg differentiation in these APC-free cultures (Fig. 4A, 4B). As Foxp3 expression
inversely correlated with IFN-γ expression, and neutralizing IFN-γ largely abolished NO
activity in cultures with DC (Fig. 3), we also blocked endogenous IFN-γ in the APC-free
cultures. This completely inhibited Th1 differentiation induced by NO, shown by minimal
expression of IFN-γ and T-bet (Fig. 4A, 4B). Interestingly, we still found the same modest
reduction in Treg development with blockade of IFN-γ (Fig. 4A), indicating that NO can
suppress Foxp3 expression in part independently of IFN-γ similar to the IFN-γ –independent
action on suppressing Th17 differentiation (Fig. 3).

As these data suggested a cooperative action of the low level of endogenous IFN-γ with NO,
we asked if increasing concentrations of IFN-γ would potentiate NO activity with TGF-β.
Th1 differentiation was strongly enhanced when exogenous IFN-γ was combined with NO
at the start of culture, and, at the same time, Treg differentiation was inhibited (Fig. 4C, 4D).
The addition of IFN-γ in the absence of NO had no effect on induction of Treg, revealing a
synergistic action of NO with IFN-γ, and showing that IFN-γ alone was not sufficient to
counteract the suppressive action of TGF-β on Th1 differentiation. NO enhanced T-bet
expression and IFN-γ mRNA expression when added to T cells in the presence of TGF-β,
and T-bet and IFN-γ expression were amplified when exogenous IFN-γ was combined with
NO (Fig. 4E). Collectively, these results suggest that NO regulates Th1 differentiation
through a direct action on the T cell and that this activity of NO is mediated through
upregulating T-bet expression in a feedback loop driven by a source of IFN-γ.

To address how NO modulated TGF-β signaling and potentiated Th1 differentiation, we first
tested the possibility that NO directly inhibited TGF-βR signaling in Th cells. A prior study
with endothelial cell lines reported that NO blocked the phosphorylation and nuclear
translocation of Smad2/3 induced by TGF-β (32). In contrast, NO addition to Th cells
revealed no inhibitory effect on the phosphorylation or the nuclear accumulation of Smad2/3
(Supplemental Fig. 3A–D). Because of the synergy with IFN-γ revealed in our APC-free
cultures, we then hypothesized that NO might augment IFN-γ R signaling and determined
the effect on nuclear translocation of STAT-1 that is a crucial part of IFN-γR action.
STAT-1 was localized in the cytoplasm in naive Th cells (Fig. 5A), and, as reported in other
studies, exposure to high-dose IFN-γ could promote strong STAT-1 accumulation in the
nucleus (Fig. 5B, 5E). In contrast, simultaneous exposure of anti-CD3/CD28–activated Th
cells to TGF-β with exogenous IFN-γ resulted in only a low level of STAT-1 translocated
into the nucleus, showing inefficient activation of IFN-γR signaling in the presence of
suppressive signals from TGF-βR. Most significantly, nuclear STAT-1 was strongly
increased by additional exposure of T cells to NO in these cultures (Fig. 5C–E). We found
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no activation of STAT-4 when Th cells were cultured with TGF-β and NO (Supplemental
Fig. 3E, 3F) in line with our prior data showing no role for IL-12 in mediating the activity of
NO in the cultures with splenic DC from naive animals. This also showed that NO did not
exert any IL-12–independent effect on STAT-4. These data suggest that NO can potentiate
IFN-γR signaling in Th cells through regulating the mobilization of STAT-1.

TipDC as physiological sources of NO
We then assessed whether endogenous NO production could play a role in the Treg/Th1
balance in physiological situations in which naive Th cells encountered Ag. TipDC have
previously been identified as a subset of DC involved in immunity against L.
monocytogenes, and these specialized cells were proposed to play a major role in clearance
of the intracellular bacteria (16). A recent study by Kang et al. (33) found that TipDC
developed from monocytes recruited from the blood, and these cells coclustered with other
innate cells, such as NK cells and granulocytes, in the T cell zone of the spleen. This led us
to hypothesize that TipDC might also regulate Th differentiation through NO production in
this location. As shown previously (33), inflammatory monocytes can be identified as
CD11b+Ly-6ChiCD11c−/lo, separable from cDC that are CD11bmedLy-6C−/loCD11chi

(Supplemental Fig. 4A). Intracellular staining (Supplemental Fig. 4B) and mRNA expression
(Supplemental Fig. 4C) for iNOS indicated that the majority of monocytes had matured into
TipDC after Listeria infection, whereas cDC minimally expressed iNOS (Supplemental Fig.
4C). Thus, we isolated TipDC to test whether NO endogenously produced from these cells
played a role in Th differentiation. We also isolated cDC as a control APC population.

Surprisingly, in isolation, TipDC had less Ag-presenting activity in promoting Th1 induction
in cultures with naive T cells when compared with cDC, and also resulted in ~2% of cells
gaining Foxp3 (Fig. 6A, left panel). This effect was further amplified if exogenous TGF-β
was added (Fig. 6A, right panel). Blockade of iNOS with a specific inhibitor, L-NIL, did not
reveal any role for NO in these cultures (Fig. 6A). Although some effector Th cells were
generated in the TipDC cultures, further assays based on measuring proliferation of T cells
showed that TipDC were very poor at activating naive Th cells compared with cDC, and this
was not explained by the production of NO (Fig. 6B). Additionally, presentation of Ag by
TipDC failed to maintain survival of T cells in culture, particularly at later times, leading to
weak accumulation of Th cells over time (data not shown). Interestingly, TipDC expressed
MHC class II and many cell-surface molecules that have T cell costimulatory or coinhibitory
activity at levels similar to or higher than cDC (not shown). These results suggest that
TipDC, albeit expressing a mature phenotype, are intrinsically poor at stimulating naive T
cells and therefore might not represent a primary APC for initiating the T cell response.

As TipDC were found to locate to the T-zone during infection and coclustered with other
innate cells (33), this raised the possibility that TipDC might also cluster with cDC, and any
activity they exert on T cells could be secondary to cDC or in cooperation with cDC. Indeed,
analyses of splenic tissue sections by immunohistochemistry after Listeria infection clearly
indicated that iNOS-producing TipDC interacted with Th cells (Fig. 6C), and, moreover,
three-cell conjugates comprising TipDC, T cells, and cDC could be identified (Fig. 6D). To
further explore this, we cocultured naive Th cells with a mixture of TipDC and cDC. We
found strong proliferation of Th cells and no apparent suppressive activity of TipDC (Fig.
6E). Moreover, in this coculture system, TipDC cooperated with cDC to induce greater Th1
differentiation when compared with cDC alone (Fig. 6F versus 6A). Most significantly,
inhibition of iNOS now blocked Th1 differentiation and resulted in proportions of IFN-γ–
secreting cells similar to those seen with cDC alone (Fig. 6F, 6G). Furthermore, iNOS
blockade resulted in the generation of more Treg when exogenous TGF-β was added into
culture (Fig. 6F, 6H).
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Although we found IL-12 had no role in our earlier systems, IL-12 production was far
higher in DC isolated from Listeria-infected mice than that in DC from naive animals (data
not shown). We therefore tested whether IL-12 could also cooperate with NO in this
scenario. In contrast to the previous results (Fig. 3A), neutralization of IL-12 reduced Th1
development while upregulating Treg differentiation in the presence of TGF-β, mimicking
the effect observed through iNOS blockade (Fig. 7). Simultaneous inhibition of iNOS and
IL-12 showed no further effect in modulating the ratio of Treg to Th1 cells. This suggests
that both NO and IL-12R signaling can be equally important and function interdependently
in Th cell differentiation in inflammatory situations. Collectively, this shows that NO
physiologically produced from TipDC can modulate the differentiation of Th cells and could
contribute to determining the Treg/Th1 balance.

Discussion
TGF-β has recently taken center stage in immunology due to its ability to promote Foxp3+

iTreg, but for many years, it was known to have both pro- and anti-inflammatory activities
(34, 35). The demonstration that TGF-βR signals to T cells can be modified by the
concomitant provision of signals through the IL-6R and IL-4R to enhance differentiation
into proinflammatory subsets of Th17 and Th9 cells has provided some rationale for the
divergent activities of TGF-β (8-11). We now show that another soluble mediator, NO, can
also modulate the action of TGF-β, again away from induction of Treg and in this case
toward the expansion or development of another major subset of Th cells, namely Th1.
These data further illustrate the proinflammatory activity of TGF-β and provide a new
mechanism by which NO, which has been associated with protection against intracellular
pathogens, could be a directive influence to allow the efficient development or maintenance
of Th1 immunity.

NO is an important effector molecule involved in protection against bacteria, parasites, and
some viruses (12-14). It has also been reported to be active in the pathological
manifestations of a number of autoimmune diseases such as diabetes, rheumatoid arthritis,
and systemic lupus erythematosus (13). Generally, the immune response associated with
these infections and diseases has been classified as Th1-type, although roles for Th17 cells
are also becoming known. This has led to the suggestion that NO might be active in
determining the quality of the T cell response, as well as being a product and effector of
IFN-γ action when produced by a T cell. Our data now show a novel activity of NO,
interacting with other cofactors such as TGF-β, IL-6, RA, and IL-12, that not only allows
greater development of Th1 cells, but also antagonizes Foxp3+ iTreg and Th17
differentiation. Especially important is the concept that as TGF-β is quite ubiquitous and can
be produced by many cell types, the default pathway of differentiation for a naive CD4 T
cell might be to upregulate Foxp3 and become a Treg. However, with the finding that NO
can reprogram TGF-β action toward Th1, and the previous knowledge that IL-6 and IL-4
can also synergize with TGF-β to direct expansion of other lineages, places TGF-β as a
central modulator for revealing the activity of other directive soluble factors in dictating the
nature of much of T cell immunity. This implies that NO has the ability to promote Th1
responses in several ways that might vary depending on the inflammatory environment and
whether other cofactors are produced.

NO regulated Th subset differentiation in an IL-12–dependent fashion when Th cells were
cultured with inflammatory DC that secreted high levels of IL-12. This might agree with a
previous report that showed that exposure of T cells to a source of NO, when they were
cultured under standard Th1-type conditions with rIL-12 and anti–IL-4, potentiated the
effects of IL-12 and promoted greater development of Th1 populations (20). In addition, this
was also seen with CD8 T cells cultured under similar conditions and was found to be a
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cGMP-dependent activity mediated by upregulation of IL-12Rβ2 on the T cells (21). In
contrast, our results show that NO is also able to regulate the Th1/Treg balance in an IL-12–
independent manner when Th cells were cultured with cDC from naive spleen or stimulated
in APC-free systems in which IL-12 was limited or absent. Therefore, NO might augment
Th1 responses independent of IL-12 when strong innate signals do not drive APC to make
this cytokine, whereas in inflammatory situations, an IL-12–dependent activity might
dominate. Furthermore, our results indicated that the relative levels of NO and IL-6 can
determine Th1 versus Th17 differentiation in the presence of TGF-β. This coincides with a
recent report showing that an NO donor, S-nitrosoglutathione, inhibited Th17 responses in
an experimental autoimmune encephalomyelitis model (36).

Our results indicated that NO can directly regulate differentiative signals in Th cells. Unlike
the inhibitory action shown in endothelial cells (32), NO did not block TGF-βR signaling in
Th cells. In contrast, NO functioned at least in part by reinforcing IFN-γR signaling through
mobilizing STAT-1. We found that when a naive Th cell was exposed to TGF-β and IFN-γ
simultaneously, TGF-βR signals dominated over IFN-γR signals, resulting in Th cells
diverging into the Treg lineage. The provision of NO may then allow Th cells to receive
quantitatively more IFN-γR/STAT-1–directed signals, resulting in either a direct or indirect
activity in blocking Foxp3 induction. As IFN-γ was previously shown to block Foxp3
upregulation through the induction of T-bet (28, 29), this likely explains much of the direct
suppression of Foxp3 by NO when IL-12 was limiting. The early IFN-γR signal allows Th
cells to express T-bet and leads to further IFN-γ production, which in turn will act to
intensify a positive-feedback circuit involving IFN-γR signaling, T-bet induction, and again
IFN-γ production, eventually leading to Th1 development in the presence of TGF-β. IL-12
may potentiate this activity by simply promoting initial production of IFN-γ by responding T
cells that then synergize with direct signals from NO, and, as described above, NO may also
enhance these feedback circuits by upregulating IL-12Rβ2 on the T cells (21).

Interestingly, some NO activities were IFN-independent. NO partially inhibited Treg
differentiation in situations in which IFN-γ was neutralized and T-bet was downregulated.
Furthermore, the NO activity in blocking Th17 differentiation was also independent of the
expression of IFN-γ. Prior reports have suggested that NO derived from myeloid suppressor
cells might antagonize IL-2R signaling in T cells (14). As IL-2 is required for the induction
of Foxp3 in naive CD4 T cells (37, 38), this could be a separate action by which NO blocks
Treg development. Of interest for future studies is how NO modulates multiple signals
during T cell priming. NO has been shown in some systems to potentiate TCR signals,
promoting proximal phosphorylation of CD3ζ and ZAP70 followed by activation of Ras/
ERK pathways (39, 40). It remains to be addressed whether this type of activity on TCR
signals by NO might play a role in the IFN-γ–independent activities of NO in suppressing
Treg or Th17 differentiation and in enhancing STAT-1 mobilization initiated by IFN-γR
signaling. Moreover, it might be possible that the activities of many proteins that are
involved in Th differentiation are modulated by direct protein modification with S-
nitrosylation (41).

A central question was the contribution of NO produced from physiological sources in
modulating Th differentiation. We showed that NO from iNOS-expressing TipDC induced
during Listeria infection could affect cDC-regulated naive T cell priming. This
subpopulation of inflammatory monocytes was designated as one subset of DC (16), because
they express CD11c, albeit at a much lower level than cDC, as well as express MHC class II
and many costimulatory molecules. However, we found that TipDC could not support
optimal proliferation and accumulation of Th cells stimulated by cognate peptide, which is
in contrast to a previous report that TipDC induced robust T cell proliferation in an MLR
(16). We believe that this discrepancy is likely due to the allogeneic system involving a
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mixed population of unseparated T cells as opposed to the peptide-specific stimulation of
naive Th cells in our study. Regardless of the weak stimulatory capacity of TipDC for naive
CD4 T cells, our data argue that they may actively participate in modulating Th cell
responses as third-party accessory cells by coclustering with Th cells and cDC. Through the
secretion of NO and IL-12 in close proximity to primed Th cells, TipDC have the ability to
potentiate Th1 differentiation. Of note, TipDC are also surrounded by other innate cells,
such as NK and NKT cells, that are strong IFN-γ producers (33). Thus, it is tempting to
speculate that these cells, by providing IFN-γ, will additionally potentiate the effects of
TipDC-derived NO in vivo in driving Th1 differentiation, particularly during infections in
which type 1 innate responses are triggered.

In summary, we report a new activity of NO in modulating and synergizing with TGF-β and
IFN-γ but antagonizing IL-6 to alter the balance among Treg, Th17, and Th1 cells. These
data have significant implications regarding how Th immunity is sustained and perpetuated.

Supplementary Material
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Abbreviations used in this article

cDC conventional dendritic cell

cGMP cyclic GMP

DC dendritic cell

DETA-NONOate (Z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-
ium-1,2-diolate

iNOS inducible NO synthase

iTreg inducible regulatory T cell

L-NIL N6-(1-iminoethyl)-L-lysine dihydrochloride

NAP S-nitroso-N-acetyl-D-L-penicillamine

NOS NO synthase
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RA retinoic acid

RORγt retinoic acid-related orphan receptor γt

TipDC TNF and inducible NO synthase-producing dendritic cell

Treg regulatory T cell
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FIGURE 1.
NO blocks Foxp3 induction driven by TGF-β and skews naive CD4 T cell differentiation to
Th1. A and B, Naive (CD4+CD25−CD44loCD62Lhi) OT-II CD4 T cells were stimulated
with splenic DC and OVA peptide (1 µM) in the presence of TGF-β. NO donors (DETA-
NONOate or SNAP) were added at the start of culture at varying concentrations. A, Foxp3
expression versus forward scatter (top panel) or IL-17A versus IFN-γ intracellular cytokine
expression (bottom panel) assessed after 4 d. Cytokines were detected after restimulation of
cells for 5 h with PMA/ionomycin. B, mRNA levels of Foxp3 and T-bet were evaluated at
day 4 by real-time PCR without restimulation. Results are representative of three
experiments.
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FIGURE 2.
NO competes with IL-6 and RA to determine the balance of Th1/Th17/Treg differentiation.
Naive OT-II CD4 T cells were stimulated with splenic DC and OVA peptide in the presence
of TGF-β with NO donors, SNAP, and DETA (100 µM). Where indicated, various doses of
IL-6 (ng/ml) and RA (nM) were added at the start of culture. Expression of intracellular
IL-17A versus IFN-γ was determined at day 4 after restimulation (A, C). mRNA levels of
Foxp3, T-bet, and RORγt were evaluated by realtime PCR without restimulation (B, C).
Results are representative of three experiments.
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FIGURE 3.
IFN-γ–dependent and –independent activity of NO in suppressing Foxp3 and Th17, and
promoting Th1 differentiation. Naive OT-II CD4 T cells were stimulated with splenic DC
and OVA peptide in the presence of TGF-β (5 ng/ml). Where indicated, SNAP (100 µM)
and neutralizing Abs (20 µg/ml) to IL-12 or IFN-γ (A) or SNAP (100 μM), IL-6 (1 ng/ml),
and anti–IFN-γ (20 μg/ml) (B) were added at the start of culture. Intracellular Foxp3, IFN-γ,
and IL-17 were determined at day 4 after restimulation. Results are representative of three
experiments.
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FIGURE 4.
Direct synergy between NO and IFN-γ on CD4 T cells. Naive OT-II CD4 T cells were
stimulated with anti-CD3 (plate-coated, 10 mg/ml), anti-CD28 (soluble, 1 mg/ml), and IL-2
(5 ng/ml) in the presence of TGF-β (1 ng/ml). Where indicated, SNAP (10 µM) or DMSO
was added at the start of culture. A and B, Endogenous IFN-γ was neutralized by the
addition of anti–IFN-γ (10 μg/ml). Expression of intracellular Foxp3 and IFN-γ was
determined at day 4 after restimulation, and mRNA levels of T-bet were measured without
restimulation. C–E, Naive Th cells were stimulated as in A and B in the presence of various
doses of exogenous IFN-γ. Intracellular staining of IFN-γ and Foxp3 and mRNA levels of T-
bet and IFN-γ were measured as above. Results are representative of three experiments. **p
> 0.01, ***p > 0.001 (two-tailed Student t test).
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FIGURE 5.
NO augments IFN-γR signaling in Th cells. Naive OT-II CD4 T cells were treated with PBS
(A) or as a control IFN-γ (B, 20 ng/ml). Other T cells were stimulated with anti-CD3/CD28,
IL-2, TGF-β (1 ng/ml), and IFN-γ (1 ng/ml) in the presence of DMSO (C) and SNAP (D, 10
μM). Cells were fixed and stained with anti–STAT-1 (red) and DAPI (blue). Original
magnification ×60. The percentages of cells having nuclear STAT-1 proteins were analyzed
(E). Results are representative of three experiments.
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FIGURE 6.
Physiological NO produced by TipDC regulates Th1/Treg differentiation. cDC and TipDC
were isolated as described in Materials and Methods from mice infected for 2 d with
Listeria. Naive OT-II CD4 T cells were stimulated with cDC or TipDC in isolation (A, B) or
in coculture of both cDC and TipDC (E–H) in the presence of OVA peptide with or without
TGF-β (5 ng/ml). Where indicated, L-NIL (100 µM) was added. Expression of Foxp3 and
IFN-γ was determined at day 4 after restimulation (A, F–H). Th cells were stimulated with
DC mixtures in the absence (G) or presence (H) of TGF-β. The proliferation of Th cells was
measured by [3H]thymidine incorporation at day 3 (B, E). C and D, Immunohistochemistry
of spleen sections from Listeria-infected mice stained for CD4, CD3, iNOS, and CD11c as
indicated. Relevant cell conjugates/clusters were marked with arrows. Original
magnification ×20. Results are representative of two (C, D) to three (A, B, E–H)
experiments.
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FIGURE 7.
NO and IL-12 interdependently regulate Th1/Treg differentiation in coculture with cDC and
TipDC. (A–C) Naive OT-II CD4 T cells were stimulated in coculture with both cDC and
TipDC in the presence of OVA peptide and TGF-β (5 ng/ml). Where indicated, L-NIL (100
μM) or anti–IL-12 (10 μg/ml) was added. Expression of Foxp3 and IFN-γ were determined
at day 4 after restimulation. Results are representative of two experiments.
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