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Nitric oxide plays an important role in immune regulation. We have
shown that although high concentrations of NO generally were
immune-suppressive, low concentrations of NO selectively enhanced
the differentiation of T helper (Th)1 cells but not Th2 cells. This finding
provided an explanation for the crucial role of NO in defense against
intracellular pathogens. However, the mechanism for the selective
induction of Th1 cells was unknown. We report here that at low
concentrations, NO activates soluble guanylyl cyclase, leading to the
up-regulation of cGMP, which selectively induces the expression of
IL-12 receptor 2 but has no effect on IL-4 receptor. Because IL-12 and
IL-4 are the key cytokines for induction of Th1 and Th2 cells, respec-
tively, these results, therefore, provide the mechanism for the selec-
tive action of NO on T cell subset differentiation. Furthermore, this
selectivity also applies to CD8* cytotoxic and human T cells and, thus,
demonstrates the general implication of this observation in immune
regulation. Our results also provide an example of the regulation of
cytokine receptor expression by NO. The selectivity of such action via
c¢GMP suggests that it is amenable to therapeutic intervention.

N itric oxide is associated with some of the most important
immunopathologies, including rheumatoid arthritis, diabetes,
systemic lupus erythematosus, and septic shock (1-6). Conversely,
NO also is a key effector molecule for the defense against intra-
cellular pathogens, including virus, bacteria, and parasites (7-9). A
common feature among these diseases is the prominent role of type
1 (both CD4* and CD8") T cells (10-13). Type 1 T cells, exem-
plified by CD4* T helper 1 (Th1) cells, characteristically produce
IFN-v, which can strongly activate macrophage to produce high
concentrations of NO via inducible NO synthase. In contrast, Th2
cells produce IL-4 and IL-5, which can inhibit the inducible NO
synthase induction by IFN-vy (14, 15). Th1 cells are associated with
inflammatory diseases and elimination of intracellular pathogens,
whereas Th2 cells are closely involved in allergy and expulsion of
extracellular parasites (16). This dichotomy of Th1 and Th2 cells is
crucial to the balance of immune response and forms the basis of
the current concept of immune therapy. Both type 1 and 2 cells are
derived from the same precursor and are differentiated into the two
distinct lineages principally under the influence of cytokines in the
microenvironment. IL-12 drives the differentiation of type 1 cells
during specific antigenic activation of precursor T cells (Tp),
whereas IL-4 is the main driving cytokine for the differentiation of
type 2 cells (17, 18). Given the close relationship between Th1 cells
and NO in disease, it is likely that there exists a reciprocal regulatory
mechanism between them.

We have shown (19) that whereas high concentrations of NO
were generally cytotoxic, low concentrations of NO had a selective
enhancing effect on the induction and differentiation of Th1 but not
Th2 cells. NO acted directly on T cells but in synergy with IL-12
produced by antigen-presenting cells (APCs). This biphasic func-
tion of NO in immune regulation could contribute importantly to
immune homeostasis. We now provide direct evidence that low
concentrations of NO preferentially activate Thl cells by up-
regulating cGMP, which selectively induces the expression of IL-12
receptor B2 (IL-12RB2) but not IL-4R in T cells. These data,
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therefore, provide a mechanistic explanation for the selective
potentiation of Thl but not Th2 cell differentiation, a central
question of immune regulation. Our results represent an example
for the effect of NO on cytokine receptor expression. The selectivity
and the participation of cGMP in this process would open a venue
of investigation into the role of NO in immune modulation. This
finding could have a general implication because it also applies to
CD8" T cells and human T cells.

Methods

Mice. BALB/c mice were obtained from Harlan Olac (Bichester,
U.K.). Ovalbumin (OVA)-T cell receptor-af (TCRaB) CD4
transgenic mice (D011.10) of the BALB/c background were
provided originally by Ken Murphy (Washington University, St.
Louis) (20). All mice were kept in conventional facilities ac-
cording to the U.K. Home Office guidelines. Mice, both male
and female, were used at 6-10 weeks of age.

Cell Culture. CD4" and CD8* T cells were purified from the spleen
and lymph nodes of mice by negative selection, using magnetic
beads (MACS; Miltenyi Biotec, Auburn, CA), as described (21).
The purity of the cell preparations was determined by FACS
analysis with phycoerythrin-conjugated anti-CD4 or anti-CDS an-
tibodies (PharMingen). Routinely, the purity of the cell prepara-
tions was >90%. The cells were cultured in 96- or 24-well plates
with OVA peptide (0.3 uM, OV As3z3_330) and mitomycin-C-treated
BALB/c spleen cells (for D011.10 cells) or with plate-bound
anti-CD3 antibody (2 pg/ml, for polyclonally activated T cells;
PharMingen) for 4-5 days. For the induction of Thl (CD4") or
cytotoxic T cell 1 (Tcl) (CD8*) cells, IL-12 (10 ng/ml; kindly
provided by Genetics Institute, Cambridge, MA) and anti-IL-4
antibody (1 ug/ml; R & D Systems) were added at the start of the
culture. Conversely, for the induction of Th2 or Tc2 cells, IL-4 (10
ng/ml) plus anti-IL-12 antibody (1 ug/ml) and anti-IFN-vy antibody
(1 pg/ml) (all from R & D Systems) were added into the cultures.
For experiments on human T cells, CD4" T cells were purified from
human cord blood by negative selection by using MACS. The blood
samples were obtained from informed, consented mothers in the
Yorkhill Hospital for Sick Children, Glasgow. Purified cells then
were cultured with phytohemagglutinin (1 mg/ml) in full culture
medium containing human IL-12 and anti-hIL-4 and anti-hIFN-vy
antibody as described (22). In some cultures, IL-2 (10 ng/ml;
Genzyme) was added on day 2 of the culture. To examine the effect
of NO on the differentiation of T cells, graded concentrations of an
NO donor, 2,2'-(hydroxynitrosohydrazino)bis-ethamine (NOC-18,
also known as DETA-NO; Alexis, Nottingham, U.K.) were added
at the beginning of the culture. In some experiments, graded
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concentrations of the specific competitive inhibitor of cGMP acti-
vation, 1-H-oxodiazolo-(1,2,4)-(4,3-a) guinoxaline-1-one (ODQ;
Alexis), or the cGMP analogue, 8-Br-cGMP (Sigma), also were
added. At the end of the culture period, supernatants were collected
and assayed for IFN-y or IL-5 concentration by ELISA. T cell
proliferation was estimated by uptake of [*H]thymidine.

Measurement of Intracellular cGMP Levels. Purified CD4* T cells
(1 X 108 cells per ml, 99% pure) from BALB/c mice were
cultured in 24-well plates for 30 min with plate-bound anti-CD3,
IL-12, and anti-IL-4 as described above (for driving polyclonal
Th1 cells) in the presence of graded concentrations of NOC-18.
The nonspecific phosphodiesterase inhibitor 3-isobutyl-1-
methylxantine (500 uM; Alexis) was added at the beginning of
culture. cGMP was isolated and the levels were determined by
using a cGMP [*H]assay system (Amersham Pharmacia) accord-
ing to the manufacturer’s instruction and expressed as the ratio
of Co (cpm bound in the absence of unlabeled cGMP) and Cx
(cpm bound in the presence of samples). Data are pooled from
two experiments.

Cytokine Assays. IFN-y and IL-5 were assayed by ELISA by using
paired antibodies (PharMingen) according to the manufacturer’s
instructions. Lower limits of detections were: IFN-v, 80 pg/ml;
IL-5, 40 pg/ml.

Quantitative PCR. Total RNA was prepared by using RNAzol B
(Biogenesis, Bournemouth, U.K.), treated with DNase 1 (Ambion,
Austin, TX) and reverse-transcribed to cDNA by using Superscript
II RNase H™ reverse transcriptase (Life Technologies, Paisley,
U.K.). Negative control samples (no first-strand synthesis) were
prepared by performing reverse transcription reactions in the
absence of reverse transcriptase. cDNA levels of IL-12R 32, IL-4R,
and IL-18Re and hypoxanthine phosphoribosyltransferase were
quantitated by real-time PCR by using an ABI prism 7700 sequence
detector (Perkin—Elmer). cDNA levels during the linear phase of
amplification were normalized against hypoxanthine phosphoribo-
syltransferase controls. Determination was carried out in triplicate
and expressed as mean * SD. Primers (f, forward; r, reverse)
and 5'-6-carboxy-fluorescein-labeled/3’-6-carboxy-tetramethyl
rhodamine-labeled probes (p) used to detect expression of the
corresponding murine genes were as follows: IL-12RB2 (f, 5'-AA-
TTCTTCTTCACTTCCGCATACG-3'; 1, 5'-GCTCCCAGAAG-
CATTTAGAAAGT-3"; p, 5'-TCCCTCTTCCTCCGTGGGA-
CATCAG-3"); IL-4R (£, 5'-TGTTCTGAGTCTCTGAAAACCT-
3 1, 5"-TATTCATTTCCATGTGGCACACA-3’; p, CATCC-
CGAGGAACAGTGCCAGCA); IL-18Ra (f, 5'-TCGAG-
GAGATCCATTCACTGATAG-3'; r, 5'-CCTGGCTCCGT-
TAGTGAGGTAA-3'; p, 5'-AAAAGCCGGAGGCTAATC-
ATCGTTCTCA-3").

Flow Cytometry Analysis. The induction of Thl cells also were
analyzed by intracellular staining of IFN-y as described (23).
Briefly, Th1 cells at the end of 2 days of culture were harvested
and stimulated with phorbol 12-myristate 13-acetate (50 ng/ml;
Calbiochem)/ionomycin (500 ng/ml; Calbiochem) for 4 h.
Brefeldin A (10 ng/ml; Sigma) was added during the last 2 h. The
cells then were fixed with paraformaldehyde (2%) and, after
washing, permeabilized at room temperature with 0.5% saponin
(Sigma) in PBS and FCS (5%) and stained with FITC-
conjugated antimurine IFN-vy antibody (IgG2a; PharMingen) or
isotype control antibody. Samples were analyzed with a FACS-
can flow cytometer.

Detection of Apoptosis. Apoptotic cells were detected by flow
cytometry after staining with FITC-conjugated annexin V and
propidium iodide by using a commercially available kit (annexin
V apoptosis kit; PharMingen). Cells were considered apoptotic
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when they were annexin V-positive and propidium iodide-
negative. Staining of cells by propidium iodide was an indicator
of the loss of plasma membrane integrity.

Statistics. These were performed by using MINITAB software for
Macintosh. The analyses were performed by using Student’s ¢
test: *, P < 0.05; **, P < 0.01.

Results

Low Concentrations of NO Enhance Differentiation of Tc1 and Human
Th1 Cells. We had demonstrated that whereas high doses of NO
were cytotoxic, low doses of NO selectively enhanced the
differentiation of murine Th1 but not Th2 cells. We have since
investigated whether this phenomenon also is applicable to
subsets of CD8™" cells (Tcl and Tc2) and human CD4" T cells.
Purified BALB/c CD8" cells were cultured with immobilized
anti-CD3 antibody and anti-CD28 in the presence of IL-12 +
anti-IL-4 (Tcl cells) or IL-4 + anti-IL-12 and anti-IFN-vy (Tc2
cells). Graded concentrations of the NO donor, NOC-18, were
added at the beginning of culture, and cellular proliferation and
IFN-vy and IL-5 production in the supernatant were determined
by ELISA 4 days into the culture. At 10 uM, NOC-18 markedly
enhanced the differentiation of Tcl cells but not Tc2 cells. This
enhancing effect was absent at 100 uM NOC-18 (Fig. 1a). The
cellular proliferation was mirrored by the production of cyto-
kines. Tc1 cells differentiated in the presence of 10 uM NOC-18
produced significantly more IFN-y compared with Tcl treated
with 100 uM NOC-18 or medium alone (Fig. 1b). There was no
evidence of increased IL-5 synthesis during Tc2 differentiation
at all of the doses of NOC-18 tested. The increased IFN-y
concentration in the culture supernatant is likely caused by an
increased number of type 1 T cells rather than a larger amount
of the cytokine produced by individual cells. Flow cytometric
analysis of intracellular IFN-y revealed that there was no evi-
dence of increased staining intensity of Th1/Tcl cells in the
cultures treated with 10 uM NOC-18 compared with the medium
control (data not shown). We then investigated whether this
enhancing effect of low concentrations of NO also applied to
human T cells. CD4" T cells were purified from human cord
blood and driven to the Thl cell lineage by culturing with
phytohemagglutinin in the presence of human IL-12 and anti-
IL-4 as described (22, 24). Graded concentrations of NOC-18
were added at the beginning of the culture, which was terminated
on day 5. The differentiation of human Th1 cells was enhanced
markedly by the presence of 5 uM NOC-18, and the development
clearly was suppressed by higher concentrations (>40 uM) of
NOC-18 compared with medium control (Fig. 1c). These data
therefore extend our earlier finding on the selective enhancing
effect of low doses of NO on murine Th1 cells to Tcl cells and
also to human T cells. Furthermore, it appears that human CD4*
T cells are even more sensitive to the varying concentrations of
NO than murine T cells.

The Effect Is Associated with cGMP Activity and Not Apoptosis. We
next investigated the mechanism involved in the enhancing effect
of low concentrations of NO on type 1 cell differentiation.
Because NO is known to influence apoptosis, the most straight-
forward explanation for our finding would be that low doses of
NO inhibited T cell apoptosis and thereby contribute to the
increased viability of the treated cells. In repeated experiments,
there was no evidence that low doses of NO (5-25 uM NOC-18)
significantly influenced the apoptosis of T cells, although, at
higher concentrations (>100 uM, NOC-18), NO consistently
increased the level of apoptosis (Fig. 2a). We then examined the
possibility that NO may exert its influence via the activation of
soluble guanylyl cyclase (sGC), thus elevating cGMP, a well-
established NO-effector pathway. We measured the levels of
intracellular cGMP in CD4* T cells cultured for 30 min under
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Fig. 1. Low concentrations of NO enhance differentiation of Tc1 cells and

human Th1 cells. (a and b) CD8" T cells were purified from pooled BALB/c
spleen and lymph node cells and cultured with immobilized anti-CD3 anti-
bodies and IL-12 + anti-IL-4 (Tc1), or IL-4 + anti-IL-12/anti-IFN-y (Tc2), in the
presence of graded concentrations of the NO donor (NOC-18) for 4 days. T cell
proliferation was determined by [3H]thymidine incorporation and cytokine
production by ELISA. (c) CD4* T cells were purified from human cord blood and
cultured with phytohemagglutinin and recombinant human IL-12 and anti-
human IL-4 antibodies. IFN-y concentrations in the culture supernatant were
determined on day 4. Results, representative of three to four experiments, are
mean = SD, n = 4-5. *, P < 0.05 compared with culture without NO.

the Th1 driving condition in the presence of graded concentra-
tions of NOC-18. cGMP concentration was elevated significantly
by 5 and 10 uM NOC-18. This amount declined to the control
level at 100 uM NOC-18 (Fig. 1b). The pattern of cGMP
elevation closely correlated with the enhanced Th1 cell activa-
tion by NO (see Fig. 1 and ref. 19). We then tested the effect of
ODQ, a competitive inhibitor of the activation of cGMP. ODQ
oxidizes the ferrous iron of sGC to ferric iron and so prevents the
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Fig. 2. The enhancing effect of low concentrations of NO on type 1 cell

differentiation results not from affecting apoptosis but via cGMP. (a) Tc1 cells
were purified from BALB/c mice and cultured in the presence of graded
concentrations of NO as described in the legend for Fig. 1. Apoptosis (annexin
V* and positive propidium iodide) were determined on day 4. Results are
representative of three experiments. Similar results also were obtained with
Th1 cells (not shown). (b) Negatively purified CD4* T cells from BALB/c mice
were polyclonally activated for 30 min with anti-CD3 under Th1 conditions in
the presence of graded concentrations of NOC-18 and 3-isobutyl-1-
methylxantine. Intracellular cGMP was extracted and assayed. (c) CD4* T cells
were negatively purified from pooled spleen and lymph nodes of OVA-TCRaf3
transgenic mice (D0.11) and cultured with APC and OVA peptide under Th1 or
Th2 conditions as described in Methods. NO had no effect on Th2 cells whose
activation also was not affected by the presence of ODQ (data not shown). (d)
CD4™" T cells from BALB/c mice were polyclonally activated with plate-bound
anti-CD3 antibodies under Th1 conditions. NOC-18 and ODQ were added at
the beginning of culture, and cellular proliferation and cytokine production
were determined on day 4 of culture. For clarity, in c and d, only results for 20
M NOC-18 and 10 uM ODQ were shown. Data, representative of four
experiments, are mean = SD, n = 4-5, *, P < 0.05, compared with culture
without NO.

effective binding of NO to sGC; thus, it is a unique and potent
inhibitor of the NO/cGMP pathway. CD4* T cells were purified
from D011.10 OVA-TCRef transgenic mice (BALB/c back-
ground) and cultured with the OVA peptide and mitomycin
C-treated BALB/c spleen cells (APC) for 4 days in the presence
of IL-12 plus anti-IL-4 antibody (Thl) or IL-4 plus anti-IL-12
and anti-IFN-vy antibodies (Th2) and graded concentrations of
NOC-18. ODQ (10-40 uM) was added at the beginning of the
culture. ODQ abrogated the enhanced Thl differentiation in-
duced by 20 uM NOC-18 (Fig. 2¢). In contrast, ODQ had no
effect on the induction of Th2 cells across a range of NOC-18
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Fig. 3. 8-Br-cGMP selectively enhanced type 1 cell differentiation. CD4* T

cells from D0.11 mice were negatively purified and cultured under Th1 or Th2
conditions as in Fig. 2 b and c. Graded concentrations of 8-Br-cGMP were
added at the beginning of cultures, which were harvested on day 4. Results,
representative of four similar experiments, are mean = SD, n = 4, *, P < 0.05,
compared with culture without 8-Br-cGMP. Similar results were obtained with
polyclonally activated (anti-CD3 antibody-treated BALB/c CD4* T cells) Th1
and Th2 cells and Tc1 and Tc2 cells (data not shown).

concentrations (data not shown). In additional experiments,
polyclonally activated (anti-CD3 stimulated) Th1 cells also were
investigated. The enhanced Thl cell development in the pres-
ence of 20 uM NOC-18 and in the absence of APC was also
blocked completely by ODQ (Fig. 2d). These results therefore
strongly indicate that the enhancing effect of low concentrations
of NO is mediated by cGMP. Furthermore, this effect is exerted
directly and selectively on Thl cells and not via APCs.

8-Br-cGMP Selectively Enhances Th1 Cell Differentiation. To confirm
that cGMP plays a key role in enhanced Th1 cell differentiation
by NO, 8-Br-cGMP, the membrane-permeable form of cGMP,
was added directly into the Th1- and Th2-inducing cultures as
described above in the absence of exogenously added NO.
8-Br-cGMP enhanced Thl development in a dose-dependent
manner (Fig. 3a). In contrast, it had little or no effect on the
induction of Th2 cells (Fig. 3b). Similar results were obtained
with human Th1 cell differentiation (data not shown). It should
be noted that higher concentrations of 8-Br-cGMP (500 and
1,000 uM) did not enhance Thl cell proliferation at the end of
the 4-day culture but did lead to higher concentrations of IFN-y
in the culture supernatant (Fig. 3a). It is likely that these higher
doses of 8-Br-cGMP induced an early accumulation of high
concentrations of IFN-vy, which subsequently inhibited the pro-
liferation of Th1 cells (detected on day 4 of culture) in a negative
feedback manner. However, at very high concentrations (>2
mM), 8-Br-cGMP inhibited both the proliferation and cytokine
production by T cells. These data, therefore, clearly demonstrate
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Fig. 4. Low concentrations of NO selectively enhanced IL-12RB2 induction.
Purified CD4* and CD8™ T cells from BALB/c mice were cultured under type 1
or type 2 conditions with immobilized anti-CD3 antibody for 16 h. Cells were
harvested, mRNA was extracted, and the expression of IL-12R32, IL-18Re, and
IL-4R was determined by quantitative PCR as described in Methods. Results,
representative of three experiments, are mean * SD, n = 3, *, P < 0.05,
compared with culture without NO.

that low concentrations of NO enhanced Th1 cell differentiation
via cGMP.

NO Selectively Enhances the Expression of IL-12RB2. We next inves-
tigated the mechanism by which cGMP selectively enhances Thl
cell differentiation. Because NO only increased Th1 cell differ-
entiation and had no effect on established Th1 clones or lines and
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Fig.5. <GMP enhanced and ODQ inhibited IL-12RB2 expression during type
1 cell differentiation. Purified CD4" T cells from BALB/c mice were cultured
under Th1 driving conditions in the presence of 8-Br-cGMP (120 uM), NOC-18
(10 uM), or NOC-18 (10 uM) + ODQ (10 uM). Cells were harvested at 16 h, and
mRNA was extracted for quantitative PCR analysis for IL-12Rp32 expression.
Results, representative of two experiments, are mean = SD, n = 5, *, P < 0.05.

because it acted on the T cell directly and in synergism with IL-12
(19), we reasoned that NO might enhance expression of the
inducible IL-12RB32 via cGMP. To test this possibility, CD4" or
CD8* T cells from BALB/c mice were driven to polyclonal
Th1/Tcl or Th2/Tc2 lineages by using immobilized anti-CD3
antibodies in the presence of the appropriate cytokines. NOC-18
(10 uM) was added at the beginning of the cultures, which were
harvested at 16 h. mRNA was extracted and the levels of
IL-12RB2, IL-18Ra, and IL-4R were quantified by real-time
PCR (TagMan, AB1 Prism 7000 Sequence Detector, Perkin—
Elmer). Thl and Tcl cells treated with NOC-18 showed signif-
icantly higher levels of IL-12R82 message compared with those
not treated with NO (Fig. 4 a and b). In contrast, the levels of
IL-4R message in the Th2/Tc2 cells were not affected by the
treatment with NO (Fig. 4¢). Interestingly, the levels of IL-18Ra,
characteristic of Th1/Tc1 cells (24), also were not affected by the
treatment with low doses of NO. These data, therefore, strongly
indicate that NO selectively enhanced the expression of IL-
12RB2 during type 1 cell differentiation and that this may
account for the preferential induction of type 1 cell development
by low doses of NO.

0DQ Inhibits but 8-Br-cGMP Enhances IL-12R32 Expression. We next
sought direct evidence for the induction of IL-12R32 by NO via
¢GMP. CD4* T cells from BALB/c mice were cultured under
Th1l conditions with immobilized anti-CD3 plus IL-12 and
anti-IL-4 in the presence of NOC-18 (10 uM), NOC-18 (10 uM)
+ ODQ (10 uM), or 8-Br-cGMP (120 uM) for 16 h, and the
expression of IL-12RB2 was determined by quantitative PCR.
8-Br-cGMP significantly enhanced IL-12RB2 expression com-
pared with untreated cells. As expected, NOC-18 enhanced
IL-12R B2 expression, which was suppressed completely by ODQ
(Fig. 5). Together, these data demonstrate directly that low
concentrations of NO preferentially enhance type 1 cell differ-
entiation by selectively up-regulating IL-12RB2 via cGMP.

Discussion

A strong, immune regulatory role for NO has long been recog-
nized (25, 26). Earlier studies showed that mice deficient in NO
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Fig. 6. Schematic representation of the mechanism by which low concen-
trations of NO selectively enhance type 1T cell differentiation. Type 1 cells
differentiate from Tp cells through TCR activation by antigen (peptide)
presented by the MHC of the APC (e.g., dendritic cells and macrophages) in
the presence of IL-12. NO produced by the APC in response to infection or
present exogenously in the microenvironment can up-regulate the levels of
¢GMP in the Tp cells by activating sGC. cGMP, in turn, selectively enhances
the expression of IL-12RB2. This then increases the response of Tp cells
to IL-12 and, hence, preferentially promotes the differentiation of type 1
T cells.

developed enhanced Th1 response after infections and antigenic
stimulation, producing more IFN-vy and less IL-4 compared with
similarly treated, intact mice (27-29). These observations indi-
cated that NO selectively inhibits the expansion of Th1 cells by
a negative-feedback mechanism. This is achieved, at least in part,
by the selective inhibition of IL-12 synthesis by activated mac-
rophages (30). This mechanism potentially would be highly
beneficial during inflammatory diseases predominantly medi-
ated by type 1 cells. In contrast, a strong type 1 T cell response
is highly desirable for an effective host defense against intracel-
lular pathogens. This could be enhanced and accelerated by low
concentrations of NO provoked during the early stage of infec-
tion (19). Thus, immunologically, NO may have evolved to
fine-tune the immune homeostasis in health and disease.

Data presented here significantly advance this concept by pro-
viding a mechanistic explanation for the selective enhancing effect
of low doses of NO on type 1 T cell differentiation. In the present
study, we used NOC-18 as an NO donor, which, at 5-20 uM,
constantly released 10—40 nM NO and a half-life of 20 h (31, 32).
At these concentrations, NO has no detectable effect on the
apoptosis of T cells. Because apoptosis would not be expected to be
type 1 T cell-specific, this is consistent with our finding that NO, at
these concentrations, has little or no effect on the differentiation of
Th2 cells. Instead, our results clearly demonstrate that low doses of
NO preferentially promoted type 1 T cell differentiation by selective
induction of IL-12RB2 via ¢cGMP. The effect of NO on T cell
activation is likely to be immediate. Elevated levels of cGMP,
corresponding to enhanced Thl cell activation, were detected in
CD4" T cells 30 min after the cells were exposed to NO (Fig. 1b).
Furthermore, CD4% T cells stimulated with NO for 3.5 h, and
washed, produced enhanced Thl response when subsequently
cultured with antigen on APCs and IL-12 (19).

Reports of cyclic nucleotide effects on T cell activation indicate
that cAMP is inhibitory, whereas effects of cGMP have not been
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elucidated conclusively. Our results demonstrate an enhancing
effect of cGMP on T cell activation. Furthermore, we provide here
the mechanism by which cGMP selectively promotes type 1 T cell
response. It should be noted that the effect of cGMP again is
dose-dependent and is influenced by the signal by which the cells
were induced to differentiate. For Thl cells induced with specific
antigen (OVA peptide) and APCs, low doses (125-250 uM) of
8-Br-cGMP enhanced cellular proliferation, whereas a high dose
(2,000 uM) clearly was inhibitory. The inhibitory effect of cGMP
is in agreement with previous reports, which showed that high levels
of cGMP, induced by high concentrations of NO, inhibited T cell
proliferation (33) by blocking IL-2 synthesis (34). Furthermore,
high doses of NO (>100 uM) could inhibit cytokine production by
T cells via cGMP-dependent as well as cGMP-independent path-
ways, presumably involving apoptosis (35).

Among the several factors reported to be important for inducing
type 1 T cell differentiation (36-38), IL-12 clearly plays the dom-
inant role (17, 18). IL-12R is composed of two subunits, 81 and 52,
which are both required for high-affinity IL-12 binding and signal-
ing (39-41). IL-12RB1 is widely expressed in cells of hematopoietic
origin, whereas IL-12R 32 is detected selectively in cells responsive
to IL-12 such as T cells. Naive T cells express IL-12R upon TCR
engagement. The expression of IL-12R appears to be transient and
is down-regulated in committed memory Thl cells (42), which can
be maintained and expanded by other factors including IL-15
(43-45). However, the initial expression of IL-12R is sustained by
the presence of the innately induced cytokine IL-18 (24). This has
been used to explain the often-observed, synergistic effect of IL-18
and IL-12 in the induction of type 1 T cells (46, 47). Our results here
demonstrate that a low concentration of NO is an additional factor
for enhancing IL-12R expression and, thus, promoting type 1 cell
differentiation. These data also explain the earlier observation that
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NO acted at the inductive phase of Thl cell development and had
no effect on established memory T cells (19).

The mechanism by which cGMP selectively induces IL-12R32,
rather than IL-4R or IL-18R, is unclear at present. In endothelial
cells (48) and macrophages (49), low concentrations of NO were
shown to up-regulate and high doses of NO to down-regulate
NF«B activity. Alternatively, cGMP may act through the P-Raf/
MEK/ERK pathway. The precise mechanism(s) of the action of
low concentrations of NO in the type 1 T cell differentiation
system currently is being explored.

Our results, therefore, establish the following sequence of events,
which lead to the selective induction of type 1 T cell differentiation
by low concentrations of NO (Fig. 6). NO, produced by activated
APC:s or provided exogenously in the microenvironment, activates
sGC and leads to increased cGMP production. This, then, leads to
the induction of increased IL-12RB2 expression, which facilitates
the differentiation of type 1 T cells by IL-12 and TCR engagement.
IL-12 is produced by the APC or present exogenously in the
microenvironment. These findings, therefore, provide an explana-
tion for the hitherto puzzling but important observation that low
concentrations of NO enhance T cell proliferation and that this
enhancement is selective for the induction of Th1 cells, but not Th2
cells, or established memory Th1 cells. We, therefore, have revealed
a pathway in which NO represents an additional signal for the
induction of T cell subset response, thus contributing to the
understanding of the increasingly complex network of immune
regulation essential for health and disease.
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