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Recently, enormous strides have been made in our understanding 
of the crosstalk among innate immunity, adaptive immunity, 
inflammation, and tissue damage. T cells play a key role in 
immunostimulation and immunoregulation [1-3]. Upon activation 
by various physiological and pathophysiological cues, CD4+ T cells 
can differentiate into different lineages of T helper (Th) cells with 
distinct biological functions (Figure 1). Th1 cells are characterized by 
the transcription factor T-bet and signal transducer and activator of 
transcription (STAT) 4, and the production of IFN-γ, IL-2 and TNF-β. 
These cells are involved in the cellular immunity and inflammation 
(Figure 1). On the other hand, transcription factors like GATA-
3 and STAT6 drive the generation of Th2 cells that produce anti-
inflammatory cytokines (IL-4, IL-10 and IL-13) and mediate humoral 
immunity. It is known that autoimmune diseases are mainly mediated 
by Th1 response and that switching of Th1 to a Th2 phenotype is a way 
to ameliorate autoimmune diseases [3-6]. However, this hypothesis 
is being challenged as after the discovery of IL-23, one new T helper 
cell (Th17) has been identified (Figure 1) that expresses signature 
transcription factor RORγT and secretes IL-17 and IL-21 [7]. Although 
Th17 cells are involved in the host defense against bacteria, fungi, and 
viruses, these cells are nowadays considered to play a more active role 
than Th1 cells in the disease process of multiple sclerosis (MS) and 
other autoimmune disorders [2,3,7]. 

This is the era of T helper cells because in addition to Th1, Th2 and 
Th17 cells, another subset of Th cell is recently making headlines as a 
possible player in autoimmune disorders. This is Th9 cells, which are 

driven by the collaborative efforts of TGF-β and IL-4 (Figure 1). Here 
we must remember while TGF-β and IL-6 are required for Th17 cells, 
TGF-β and IL-4 are required for the generation of Th9 cells [8]. Recent 
studies have shown the involvement of transcription factors like PU.1 
and IRF4 in the expression of IL-9 [8,9]. As evident from the name, 
Th9 cells produce large amounts of IL-9 and some IL-10. It is puzzling 
because IL-9 together with TGF-β can contribute to the differentiation 
of Th17 cells, and alternatively Th17 cells themselves can also produce 
some IL-9 [2,8,9]. Therefore, a better understanding of IL-9 will 
have important consequences in the field of immune regulation and 
autoimmunity.

Although the differentiation of naive CD4+ T cells into Th1, Th2, 
Th17, and Th9 is initiated by the engagement of their T cell receptor 
(TCR) and costimulatory molecules in the presence of specific 
cytokines produced by the innate immune cells, during any immune 
challenge, a gaseous lipophilic molecule called nitric oxide (NO) is 
often generated [10-12]. Being a double edged sword depending on 
its concentration in the microenvironment, NO is involved in both 
physiological and pathological processes of many organ systems 
including immune organs. NO is enzymatically formed from L-arginine 
by the enzyme nitric oxide synthase (NOS).  The NOS are basically 
divided into two forms. The constitutive form, present in neurons 
(nNOS) and endothelial cells (eNOS), is a calcium-dependent enzyme. 
The inducible form (iNOS), expressed in various cell types including 
innate immune cells in response to wide variety of immunological cues 
[10,11], is however, regulated mainly at the transcriptional level and 
does not require calcium for its activity.

Recent discoveries have identified an important crosstalk between 
NO and Th cells. We have demonstrated that NO is a key regulator 
of T-bet and GATA3 in neuroantigen-primed T cells [13]. While 
iNOS:macrophage co-localization is directly proportional to T-bet:T 
cell co-localization, GATA3:T cell co-localization inversely correlates 
to iNOS:macrophage in spleen [13]. Gemfibrozil, an FDA-approved 
lipid-lowering drug, suppresses the production of NO and the 
expression of iNOS in different cells [14-16]. This drug also suppresses 
T-bet and stimulates GATA3 in MBP-primed T cells [13]. However,
gemfibrozil is unable to suppress T-bet and stimulate GATA3 in
MBP-primed splenocytes when NO is added during antigen priming
[13]. Furthermore, the differential effect of gemfibrozil on T-bet and
GATA3 could be replicated by adding a NO scavenger alone during

Figure 1: Differentiation of CD4+ T cells into Th1, Th2, Th9, and Th17 
cells. Distinct set of cytokines drive the differentiation of a particular Th cells. 
While Th1, Th9 and Th17 cells participate in autoimmune disorders, Th2 cells 
play a key role in cancer and allergy. 
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antigen priming (Figure 2). Increase in NO production in MBP-
primed lymph node cells (LNC) as compared to normal LNC (Figure 
2A) suggests that MBP-priming induces the production of NO. 
Expectedly, PTIO, a NO scavenger, reduced the level of NO in MBP-
primed LNC (Figure 2A). As evident from Figure 2, MBP-priming 
induced the mRNA expression of T-bet and IFN-γ (Figure 2B) and 
the production of IFN-γ protein (Figure 2C) in LNC. Interestingly, 
removal of NO by PTIO during MBP-priming inhibited the mRNA 
expression of T-bet and IFN-γ (Figure 2B) and the production of IFN-γ 
protein (Figure 2C) in LNC. On the other hand, treatment of MBP-
primed LNC with a NO donor (DETA-NONOate) stimulated the 
mRNA expression of T-bet and IFN-γ (Figure 2B) and the production 
of IFN-γ protein (Figure 2C). In contrast, MBP-priming inhibited the 
mRNA expression of GATA3 and IL-10 (Figure 2D) and the protein 
level of IL-10 (Figure 2E) in splenocytes. Interestingly, this inhibition 
was also abolished by NO scavenger PTIO and magnified by NO donor 
DETA-NONOate (Figures 2D and 2E). These novel results highlight 
differential regulation of T-bet/IFN-γ/Th1 and GATA3/IL-10/Th2 cells 
by NO (Figure 3).

Although both Th1 and Th17 cells are autoimmune in nature, 
NO does not favor the differentiation of Th17 cells. According to 
Niedbala et al. [17], NO can suppress the proliferation and function 
of polarized murine and human Th17 cells. Development of Th17 
cells can be enhanced by the activation of aryl hydrocarbon receptor 
(AHR). It has been shown that NO inhibits AHR expression in Th17 
cells and the downstream events of AHR activation, including IL-22 
and IL-23 receptor [17]. Accordingly, mice lacking iNOS developed 
more severe experimental autoimmune encephalomyelitis (EAE), an 
animal model of MS, than WT mice, with elevated AHR expression, 
increased IL-17A, and IL-22 synthesis [17]. According to Nath et al. 

[18], S-nitrosoglutathione (GSNO), a NO donor, attenuates the disease 
process of EAE by reducing the production of IL-17 (from Th0 or 
Th17 cells) and the infiltration of CD4+ T cells into the CNS. STAT3 
and RORγt are positive regulators of Th17 signaling (Figure 1). They 
have also demonstrated that GSNO suppresses the phosphorylation 
of STAT3 and attenuates the expression of RORγt in splenocytes [18]. 
These evidences point towards a negative regulation of Th17 cells by 
NO (Figure 3).

On the other hand, until now it is not known whether the 
differentiation of Th9 cells depends on NO. However, careful analysis 
of differentiation and regulation of Th9 cells also indicates inverse 
relationship between NO and Th9 cells. For example, the differentiation 
of Th9 cells depends on TGF-β and IL-4, cytokines that are known 
to antagonize the expression of iNOS and the production of NO 
[19]. IFN-γ is a potent inducer of iNOS in many cell types including 
macrophages where it is known to induce the transcription of iNOS 
gene and the production of NO via STAT1α [10]. It has been shown 
that IFN-γ suppresses the generation of Th9 cells [20].  Therefore, it 
is possible that TGF-β and IL-4 favor Th9 via the suppression of NO 
production and that IFN-γ antagonizes Th9 via the induction of NO 
production. Such possibilities are currently being investigated in our 
lab.

Different immunomodulatory molecules secreted by Th1, Th2, Th9, 
and Th17 cells interact with the target organ to determine the outcome 
of an immunomodulatory process, leading to either tissue damage 
or repair. Recently, we have demonstrated that NO is a key player in 
controlling the encephalitogenicity of T cells, in which scavenging of 
NO reduces the EAE-inducing activity of T cells [21]. We have also 
described that NO is a critical molecule for the development of self 
tolerance in male as NO alone is sufficient to break the tolerance of male 
myelin-specific T cells [21]. Therefore, differential regulation of Th1, 
Th2, Th9, and Th17 cells by NO (Figure 3) is important as it would help 
in understanding the complex regulation of different inflammatory 
autoimmune disorders by NO and may assist in designing therapeutic 
avenues for numerous immunological disorders.

Figure 2: Differential regulation of T-bet/IFN-γ and GATA3/IL-10 by NO. 
Lymph node cells (LNC) isolated from MBP-immunized female SJL/J mice 
were stimulated with 50 µg/ml MBP in the presence or absence of PTIO 
(50 µM) and DETA-NONOate (DNO; 100 µM), respectively. After 24 h of 
stimulation, the concentration of nitrite was measured in supernatants using 
‘Griess’ reagent (A) and the mRNA expression of T-bet and IFN-γ (B) and 
GATA3 and IL-10 (D) was monitored in cells by semi-quantitative RT-PCR. 
After 72 h of stimulation, supernatants were assayed for either IFN-γ (C) or 
IL-10 (E) by ELISA. Results are mean + SD of three different experiments. 
ap<0.001 vs control; bp<0.001 vs MBP.

Figure 3: Complex regulation of Th1, Th2, Th9, and Th17 cells by NO. While 
NO suppresses the differentiation of Th2 and Th17 cells, the differentiation of 
Th1 cells is favored by NO. Although it is yet to be determined, NO may also 
suppress the differentiation of Th9 cells.
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