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Abstract

Background: The aim of this study was to investigate the molecular mechanisms involved in the production of Th1
cytokines, namely IL-12 and IL-27, when the intra-macrophage redox state was altered by different chemical entities such as
GSH-C4, which is reduced glutathione carrying an aliphatic chain, or I-152, a pro-drug of N-acetyl-cysteine (NAC) and beta-
mercaptoethylamine. We had already demonstrated that GSH-C4 and I-152 could shift the immune response towards Th1 in
Ovalbumin-immunized mice as well as enhance Th1 response in HIV-1 Tat-immunized mice.

Methodology/Principal Findings: By a new high performance liquid chromatography method, we found that 20 mM GSH-
C4 provided a number of thiol species in the form of GSH, while 20 mM I-152 decreased GSH and increased the thiols in the
form of NAC and I-152. Under these experimental conditions, GSH-C4 and I-152 enhanced and suppressed respectively the
mRNA expression levels of IL-12 p40 induced by LPS/IFN-c as assessed by Real-Time PCR. The protein production of IL-12
p40 was increased by GSH-C4 and decreased by I-152 as determined by Enzyme-linked immunosorbent assay. Western
immunoblot and electrophoretic mobility shift assays revealed that Nuclear Factor -kB (NF-kB) activation was inhibited by I-
152 and prolonged by GSH-C4. Twenty mM I-152 stimulated IL-27 p28 gene expression and sustained Signal Transducer and
Activator of Transcription (STAT)-mediated interferon regulator factor 1 (IRF-1) de novo synthesis. By contrast, 20 mM GSH-
C4 did not exert any effect on IL-27 p28 gene expression.

Conclusions and Significance: an increase in the intra-macrophage redox state by GSH-C4 and I-152 enhances Th1 cytokine
production although the chemical structure and the intra-cellular metabolism influence differently signalling pathways
involved in IL-27 or IL-12 production. GSH-C4 and I-152 may be used as Th1 immunomodulators in some pathologies and in
ageing where GSH depletion may contribute to the Th1/Th2 imbalance, and in new immunization strategies.
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Introduction

CD4+T helper cells differentiate into specialized types of

effector cells: type 1 (Th1), type 2 (Th2) or the recently identified

IL-17 producing (Th17) helper T cells, which promote different

aspects of the immune response. An appropriate Th1/Th2

balance is critical for an effective and non pathological immune

function. Many factors influence the decision as to whether a Th1

or Th2 cytokine pattern predominates in a given response and,

among these, a strong link between reduced glutathione (GSH)

and immune function has been established in various studies. The

role of cytokines and the critical switch between Th1 and Th2 is

important in several diseases such as cancer, allergic disorders and

AIDS; all these pathologies are characterized by GSH depletion in

antigen-presenting-cells (APC) and by Th1 failure. In vitro and

in vivo studies demonstrated that GSH depletion in APC

correlates with defective antigen processing and reduced Th1-

associated cytokine production [1–7]. In murine macrophages,

GSH depletion caused reduction of interleukin-12 (IL-12)

secretion and led to a switch from the typical Th1 cytokine profile

towards Th2 response patterns [6]. In human alveolar macro-

phages, GSH levels played a pivotal role in determining whether

a Th1 or Th2 cytokine response would develop [7]. In human

monocyte-derived DCs (MD-DCs), the molecules able to increase

and decrease intracellular GSH content could augment and
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reduce lipopolysaccharide (LPS)-induced IL-27 respectively [8].

Thus, expression of both IL-12 and IL-27 seem to be profoundly

influenced by the redox state of APC. Cytokines have emerged as

key determinants in the developmental process of CD4+ T cells

into Th1 or Th2 cells [9]. IL-12, a heterodimer of the p40 and p35

subunits, is an important immunoregulatory cytokine that is

produced mainly by APC; it is a dominant factor in driving the

development of Th1 cells leading to secretion of interferon c,

which stimulates the immune response to eradicate intracellular

pathogens [10]. Molecules able to augment the intracellular GSH/

GSSG ratio in APC were found to increase the expression of LPS-

induced IL-12 mRNA and ameliorate ‘‘Th2’’ diseases by altering

the Th1/Th2 balance [11–13]. IL-27, a novel IL-12 family

cytokine, is a heterodimeric molecule composed of Epstein-Barr

virus-induced gene 3 (EBI3), an IL-12 p40-related protein, and

p28, an IL-12 p35-related polypeptide. IL-27 is produced early by

activated APC in response to microbial infection. It is able to

induce clonal proliferation of naı̈ve CD4+ T cells and synergizes

Figure 1. Separation of DTNB and R-TNB by reversed-phase HPLC. (A) extracts of untreated murine peritoneal macropahges; (B) extracts of
murine peritoneal macrophages treated with 20 mM GSH-C4 for 2 hours; (C) extracts of macrophages treated with 20 mM I-152 for 2 hours. Murine
macrophages were obtained and processed as described in the Materials and Methods section. Experimental details and chromatographic conditions
are described in the Materials and Methods section.
doi:10.1371/journal.pone.0057866.g001

Effect of Thiol Levels on Th1 Cytokine Production
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with IL-12 in IFN-c production [14]. In detail, IL-27 activates

STAT-1 and T-bet, two transcription factors that are important

for Th1 polarization, and leads to up-regulation of the IL-12Rb2

chain. In this way, IL-27 sensitizes the cells to Th1 enhancing

cytokine IL-12. Meanwhile, it also suppresses the other helper cell

types by suppressing Th2 transcription factor GATA-3 [15]. In

our previous papers, we reported the capacity of two molecules,

able to alter the intracellular redox state, to modulate the immune

response towards Th1 type in Ova-sensitized mice and to

potentiate the immune response of another antigen, i.e. Tat,

which is in clinical trials for the development of anti-HIV/AIDS

vaccine [16,17]. The molecules investigated were a pro-drug of N-

acetyl-cysteine (NAC) and beta-mercaptoethylamine (MEA),

named I-152, and the N-butanoyl GSH derivative, GSH-C4,

which had already been used successfully as antiviral [18–21].

Here, we wanted to investigate the molecular mechanisms by

which GSH-C4 and I-152 could control the macrophage cytokine

profile. In the current study, we demonstrate that 20 mM I-152

inhibited signal-induced Nuclear Factor -kB (NF-kB) nuclear

translocation by blocking Inhibitor –kB-a (IkB-a) degradation.

This effect could explain the observed reduction of IL-12 p40

expression in macrophages. At the same concentration, I-152

sustained STAT-1-dependent IRF-1 activation and increased IL-

27 p28 gene transcription. By contrast, GSH-C4 prolonged LPS/

IFN-c-induced NF-kB activation and enhanced IL-12 p40 pro-

duction, while it had no effect on IL-27 production.

Results

GSH-C4 and I-152 Affect Intra-macrophage Thiol Content
Differently

The thiol content was determined both in murine peritoneal

macrophages and in RAW 264.7 cells after treatment with various

concentrations of either GSH-C4 or I-152. The cells were treated

with increasing concentrations of the molecules for 2 h, and

intracellular thiol content was quantified by HPLC as described in

the Materials and Methods section. The new method developed is

based on the reaction of Ellman’s reagent (5,59-dithiobis-(2-

nitrobenzoic acid) or DTNB) with the thiol group of the molecule

used (R-SH); the thiols react with DTNB cleaving the disulfide

bond resulting in thionitrobenzoate (TNB-) and mixed disulfide

(R-TNB). The TNB- ionizes to the TNB22 in water and can be

quantified in a spectrophotometer by measuring the absorbance at

412 nm. The R-TNB can be separated and quantified by HPLC

by the method described. This method permits the distinction of

GSH from GSH-C4 in the cells treated with GSH-C4, and GSH

from other thiol species such as I-152 and NAC present in the cells

treated with I-152. Fig. 1 shows a representative chromatographic

profile of the extracts obtained from peritoneal macrophages

untreated (Control) (A) or treated with either 20 mM GSH-C4 (B)

or 20 mM I-152 (C).

Incubation with GSH-C4 resulted in a dose-dependent increase

in intracellular GSH, represented by the sum of intracellular GSH

plus GSH-C4, in murine peritoneal macrophages (p,0.05 in 20

and 10 mM GSH-C4-treated) (Fig. 2A, left). An increase in total

GSH content over the basal level was also observed in RAW 264.7

cells, although the overall levels of GSH were more modestly

affected compared to murine macrophages (p,0.05 in 20 mM

GSH-C4 treated) (Fig. 2A, right). In both models, only with slight

differences, pre-treatment with I-152 altered thiol content in

a quantitative and qualitative manner depending on the amount of

molecule used (Fig 2B). High concentrations of I-152 (10 and

20 mM) decreased the GSH levels (p,0.05 in 10 and 20 mM I-

152-treated RAW 264.7 cells and in 20 mM I-152-treated

peritoneal macrophages) while, as expected, high concentrations

of thiols, consisting of NAC plus I-152, were found. Lower

concentrations of I-152 (5 and 1 mM) increased both the thiol

content and GSH levels when compared to the control (Fig. 2B

left). Differences in GSH levels were almost significant in 5 and

1 mM I-152-treated peritoneal macrophages (p = 0.076 and

p = 0.088 respectively).

Modification of Intracellular Thiol Content by GSH-C4 and
I-152 Affects IL-12 p40 and IL-27 p28 Production in
Murine Macrophages

Based on the results of Fig. 2, which show that the most

significant differences in terms of thiol content were obtained by

treatment with the highest concentration tested (i.e. 20 mM), IL-

12 and IL-27 production was examined in peritoneal macrophages

treated with 20 mM of either GSH-C4 or I-152. IL-12 is

a heterodimeric protein of 70 kDa, of which the p35 subunit is

constitutively expressed at lower level by a variety of cell types,

whereas the p40 subunit is only produced by the cells to make

biologically active IL-12 [22].

Peritoneal macrophages were pre-treated with GSH-C4 or I-

152 for 2 h, followed by stimulation with LPS plus IFN-c for 24 h.

At the end of the incubation time, the secretion of the cytokine in

the culture medium was evaluated by ELISA. It was observed that

IL-12 p40 was more abundant in the culture medium of GSH-C4-

treated macrophages than in untreated cells, following stimulation

(123637 picograms/mg protein in GSH-C4-treated cells and

92630 picograms/mg protein in untreated cells). Differences were

almost significant (p = 0.083). On the contrary, the levels of the

p40 subunit were significantly reduced by I-152 (39617

picograms/mg protein) (p,0.05) (Fig. 3A).

IL-27 synergizes with IL-12 in IFN-c production from naı̈ve

CD4+ T cells and plays an important role in host defence against

infection; defects in the IL-27 receptor causes increased suscep-

tibility to different intracellular pathogens and it has been reported

that Th1 responses can be controlled by intra-cellular glutathione

redox status in dendritic cells (DCs) through IL-27 production

[8,23,24]. Thus, in the macrophages treated as above, the IL-27

p28 levels were measured as well and found to have increased

more than two times compared to control by I-152 (p,0.05)

(30.465.3 picograms/mg protein in I-152-treated cells and

15.761.7 picograms/mg protein in untreated cells), while GSH-

C4 had no effects (Fig. 3B).

The fluctuations in the levels of IL-12 p40 protein in response to

GSH-C4 and I-152, respectively, were also reflected at the mRNA

level; mRNA content was evaluated in macrophages stimulated

with LPS plus IFN-c for 3 h and 6 h. In Fig. 4A it can be observed

that GSH-C4 inhibited IL-12 p40 mRNA expression at 3 h, but at

6 h mRNA levels were significantly up-regulated (almost 4-fold)

compared to control (p,0.05). By contrast, p40 mRNA levels

were significantly lower in cells treated with I-152 both at 3 h and

6 h (p,0.05). Different effects were exerted by I-152 on IL-27 p28

mRNA; in fact, at 3 h after stimulus p28 mRNA expression

appeared lower compared to control, however, at 6 h it was about

five times higher (p = 0.0571); treatment with GSH-C4 did not

produce effects significantly different compared to control

macrophages at both time points studied (Fig. 4B).

Peritoneal macrophages incubated with either 20 mM GSH-C4

or 20 mM I-152 were still metabolically active after 4 h, as

assessed by MTS assay, and at 24 h about 80% of the

macrophages treated with GSH-C4 and 90% of the macrophages

treated with I-152 were still alive (not shown).

Effect of Thiol Levels on Th1 Cytokine Production
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GSH-C4 and I-152 Differently Affect Immune Signalling
Pathways Involved in IL-12 p40 and IL-27 p28 Expression

We next examined whether GSH-C4 and I-152 might interfere

with the activation of transcription factors known to be involved in

IL-12 p40 and IL-27 p28 expression in response to bacterial LPS

and IFN-c. Multiple regulatory elements are implicated in p40

regulation but the p50/p65 NF-kB rel proteins are known to

dominantly regulate IL-12 p40 transcription [25]. Therefore, to

evaluate NF-kB activation, murine peritoneal macrophages were

either left untreated or treated with the single molecules for 2 h

followed by stimulation with LPS plus IFN-c for 30, 60 and

120 min. Nuclear extracts were then submitted to EMSA using

a probe containing the –kB consensus sequence. NF-kB nuclear

translocation was maximum in untreated cells (Control) as soon as

30 min after the stimulation (Figure 5A, lane 2) and decreased at

the following time points to return to values similar to the basal

level after 120 min (Fig. 5A, lane 4 vs. lane 1). A maximum peak of

activation was also observed in GSH-C4-treated macrophages at

30 min (Fig. 5A, lane 10). However, the NF-kB signal appeared

only slightly decreased at the following time points, especially at

120 min (Fig. 5A, lane 12), when NF-kB inactivation already

occurred in the Control (Fig. 5A, lane 4). This suggests that the

molecule presumably interferes with the dampening rather than

with the activation of NF-kB signalling. By contrast, NF-kB DNA

binding was slightly activated in cells treated with I-152 (Fig. 5A,

lane 5 vs. lane 1) and its stimulus-induced nuclear translocation

was reduced compared to Control (Fig. 5A, lanes 6–8 vs. lanes 2–

4).

NF-kB is known to be controlled upstream by the cytoplasmic

IkB-a, which sequesters NF-kB in the cytoplasm of quiescent cells

[26,27]. Upon macrophage activation, IkB-a is phosphorylated.

Phosphorylation targets IkB-a for ubiquitination and degradation

allowing NF-kB to translocate to the nucleus. Therefore, we

examined whether the changes in the intracellular redox state

induced by GSH-C4 and I-152 had a direct effect on the

degradation of IkB-a (Fig. 5B). In Control cells, IkB-a degradation

was maximum (Fig. 5B, lane 2) in coincidence with NF-kB nuclear

translocation (i.e. 30 min, Fig. 5A, lane 2). At later times, the

protein was re-synthesized and reappeared in the cytosol (Fig. 5B,

lanes 3, 4), in agreement with the knowledge that NF-kB activation

is transient and one of the mechanisms for termination involves

the synthesis de novo of the IkB-a protein which can enter the

nucleus, remove NF-kB from the DNA, and relocalize it to the

Figure 2. Quantification of thiol species by HPLC. The analysis was performed in murine peritoneal macrophages (left) and RAW 264.7 cells
(right) treated with different concentrations of GSH-C4 (A) and I-152 (B). The peritoneal macrophages were obtained and processed as described in
the Materials and Methods section. Values represent the mean6S.D. of 3 experiments. *p,0.05 vs. Control.
doi:10.1371/journal.pone.0057866.g002

Effect of Thiol Levels on Th1 Cytokine Production
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cytosol [28]. Thus, in parallel with IkB-a re-synthesis, a decrease

in the NF-kB DNA binding was observed in the nuclei (Fig. 5A,

lanes 3, 4). Despite prolonged activation of NF-kB in GSH-C4-

treated cells, both IkB-a degradation and re-synthesis occurred

with the same kinetic of Control cells (Fig. 5B, lanes 9–12 vs. lanes

1–4), suggesting that other termination mechanisms could be

affected. By contrast, I-152 treatment drastically reduced signal-

induced IkB-a degradation (Fig. 5B, lanes 5–8 vs. lanes 1–4), thus

explaining the observed inhibition of NF-kB nuclear translocation

in I-152-treated cells. Thus, while I-152 inhibits, GSH-C4 seems

to protract NF-kB activation, thus explaining the observed

decrease and increase, respectively, of IL-12 p40 production in

cells receiving the molecules compared to untreated macrophages.

IRF-1 is the principal member of the IRF family of transcription

factors activated by IFN-c and is essential for many IFN-c
responses. It has been reported that IRF-1 is an essential

transcription factor for p28 gene expression induced by IFN-c in

macrophages [29,30]. We found that the treatment with 20 mM I-

152 increased both p28 protein secretion and mRNA expression in

macrophages stimulated by IFN-c and LPS (Figs. 3B and 4B), so

we investigated whether IRF-1 had a role in p28 gene expression

induced by I-152. To this end, we performed EMSA using nuclear

extracts obtained from murine macrophages or RAW 264.7 cells,

treated with I-152 and stimulated with LPS/IFN-c, and, as probe,

a sequence of the p28 promoter harboring the known IRF-1

responsive elements [29]. Since in all cases the signal was weak

(data not shown), we decided to follow IRF-1 activation by western

immunoblotting. Indeed, it is known that type I and type II IFNs

stimulate IRF-1 synthesis through the Janus kinase-STAT

signalling which triggers the STAT1-mediated transcriptional

activation of IRF-1 [31,32]. In line with these findings, IRF-1 was

undetectable in whole cell extracts derived from unstimulated

RAW 264.7 cells (Control in Fig. 6, lane 1), while it appeared as

soon as 1 h after stimulation with LPS/IFN-c, in coincidence with

STAT-1 phosphorylation on Tyr701 (Fig. 6 lane 2). It is well

known that phosphorylation of STAT-1 at this residue induces its

dimerization, nuclear translocation and DNA binding [33].

While in control cells, IRF-1 protein content was still high after

3 h of stimulation (Fig. 6, lane 3) to rapidly decline at later time

points (i.e. 6 h and 8 h) (Fig. 6 lanes 4, 5), IRF-1 became

detectable in I-152-treated cells at 3 h of LPS/IFN-c stimulation

in parallel with STAT-1 phosporylation (Fig. 6 lane 7) and its

levels were unchanged within the next 3–5 h (i.e. 6 h and 8 h of

stimulation) (Fig. 6 lanes 8, 9). As loading control, the blot was re-

probed with an anti p65 antibody since, upon stimulation, p65

redistributes within intracellular compartments while the whole

content does not change. On the whole, these findings suggest that

I-152 on one hand delays STAT-1 activation and on the other

sustains and prolongs the STAT-1/IRF-1 signalling. These results

may justify the increased IL-27 p28 production observed in I-152-

treated cells.

Discussion

GSH levels in APC play a central role in determining whether

Th1 or Th2 cytokine response patterns predominate in immune

responses. GSH depletion leads to a shift away from the typical

Th1 cytokine profile toward Th2 response patterns [4–7].

Figure 3. IL-12 p40 and IL-27 p28 induction in murine
peritoneal macrophages. The peritoneal macrophages were ob-
tained as described in the Materials and Methods section. They were left
untreated or treated with either 20 mM GSH-C4 or 20 mM I-152 for 2
hours and further stimulated with LPS and IFN-c for 24 hours. The IL-12
p40 (A) and IL-27 p28 (B) levels secreted in the culture supernatants
were measured by ELISA. Results are expressed as the percentage
respect to untreated stimulated macrophages (Control) and are the
mean6S.D. of al least 5 different experiments. *p,0.05 vs. Control.
doi:10.1371/journal.pone.0057866.g003

Figure 4. Expression of IL-12 p40 and IL-27 p28 mRNA in
murine peritoneal macrophages. The peritoneal macrophages
were obtained as described in the Materials and Methods section.
They were left untreated or treated with either 20 mM GSH-C4 or
20 mM I-152 for 2 hours and further stimulated with LPS and IFN-c for 3
and 6 hours as indicated in the figure. Total RNA extraction and reverse
transcription as well as IL-12 p40 and IL-27 p28 mRNA quantification
were performed as described in the Materials and Methods section. The
results are the mean6S.D. of 4 values. *p,0.05 vs. Control.
doi:10.1371/journal.pone.0057866.g004

Effect of Thiol Levels on Th1 Cytokine Production
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Th1 cytokine production is positively or negatively polarized by

augmenting or depleting, respectively, the intracellular content of

GSH in APC [4–8]. In previous papers we reported that

administration of GSH-C4 and I-152 could shift the immune

response towards Th1 both in mice immunized with Ova in which

a prevalent Th2 response is developed and in mice immunized

with HIV-1 Tat in which Th1 response is predominant [16,17].

The pro-GSH molecules used in these studies were an aliphatic

derivative of GSH, GSH-C4 [18] and a NAC/MEA conjugate

compound, I-152 [20,34] both designed to facilitate cell entry. In

this paper, we investigate the molecular mechanisms whereby

GSH-C4 and I-152 can influence the production of Th1 cytokines;

in particular, we studied the LPS/IFN-c-induced expression of

both IL-12 p40 and IL-27 p28 in macrophages pre-treated with

the molecules. The results obtained show that the two chemical

entities exert different effects on the production of the above

Figure 5. NF-kB activation in murine peritoneal macrophages. (A): NF-kB nuclear translocation and DNA binding activity was assessed by
Electrophoretic Mobility Shift Assay (EMSA) of nuclear extracts obtained from macrophages untreated (Control) or pre-treated with either 20 mM
GSH-C4 or 20 mM I-152 for 2 hours and then stimulated with LPS and IFN-c after molecule removal, for different times as indicated. (B): IkB-
a degradation and re-synthesis as monitored by Immunoblotting analysis of IkB-a protein levels in the cytosolic fraction of macrophages treated as
above. Cytosolic proteins (15 mgs) were separated by SDS-PAGE onto 10% acrylamide gels, transferred to nitrocellulose membrane and
immunoblotted with an anti-IkB-a antibody. Actin was stained as a loading control. IkB-a densitometric values, normalized to actin, are reported
immediately below the IkB-a blot.
doi:10.1371/journal.pone.0057866.g005

Effect of Thiol Levels on Th1 Cytokine Production
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cytokines, probably due to their different intracellular metabolism.

The developed HPLC method used in this paper allowed the

distinction of the different thiol species generated intracellularly by

GSH-C4 and I-152, while the spectrophotometric methods

previously used [16] had provided total thiol content [35,36].

This is a very simple method allowing an accurate study of the

metabolism of the molecules of interest containing thiol groups.

GSH-C4 provided a number of thiol species in the form of GSH,

while high concentrations of I-152 reduced the intracellular GSH

content and provided a high concentration of NAC and I-152.

Although both molecules increased thiol content about 2–3 fold

over the basal level, they displayed a very different effect on

immune signalling pathway responsible for IL 12 p40 and IL-27

p28 expression, i.e. the NF-kB and the STAT-1/IRF-1 signalling

pathways, suggesting that several investigations based on the sole

determination of intracellular thiols are not adequate to un-

derstand the role of the cell redox state on Th1/Th2 polarization.

It is known that the canonical signalling transduction pathway of

NF-kB activation, which involves IkB phosphorylation and

degradation, is sensitive to oxidant/antioxidant homeostasis,

especially to the thiol/disulphide balance [37]. Data presented

demonstrate that the thiol increase in the form of GSH, induced

by GSH-C4 treatment, does not alter NF-kB activation in

response to LPS/IFN-c; in fact, IkB-a degradation and NF-kB

nuclear translocation occurred to a similar extent and with the

same kinetic as in Control cells. GSH-C4 rather interferes with the

regulatory mechanism(s) that determine NF-kB inactivation. In

particular, prolonged NF-kB activation was observed in GSH-C4-

treated cells compared to stimulated control cells, an observation

which could explain the accumulation of IL-12 p40 mRNA and

protein in GSH-C4-treated cells. The best known mechanism for

termination of NF-kB response involves re-synthesis of IkB

proteins induced by activated NF-kB. However, IkB-a protein

was re-synthesized in GSH-C4-treated cells to the same extent and

with the same kinetic observed in untreated control macrophages

(Fig. 5B). In recent years, additional inhibitory mechanisms that

function later in the pathway and directly affect the active DNA-

bound NF-kB have been identified. One of these mechanisms

involves oxidation of redox-sensitive cysteine located in the DNA-

binding loop; a cysteine residue in a well-conserved motif in all

Rel/kB proteins is critical and must be maintained in a reduced

state to allow DNA binding [38,39]. Thus, it could be speculated

that GSH-C4, by increasing the intracellular GSH content, may

control NF-kB DNA binding activity favouring and prolonging its

association with IL-12 p40 promoter sequence.

Contrarily to GSH-C4, I-152 inhibited IkB-a degradation and

as a consequence NF-kB nuclear translocation. There is increasing

interest in new possible mechanisms in the regulation of NF-kB

Figure 6. STAT-1 phosphorylation and IRF-1 levels in RAW 264.7 cells. Immunoblotting analysis of phospho Tyr701 STAT-1 and IRF-1 levels
in cells untreated (lanes 1–5) or pre-treated with 20 mM I-152 for 2 hours (lanes 6–9) and then stimulated with LPS and IFN-c after molecule removal,
for different times as indicated (lanes 2–5 and 6–9). Whole protein extracts (20 mgs) were resolved onto 8% acrylamide gels, transferred to
a nitrocellulose membrane and stained with anti IRF-1 and anti phospho Tyr701 STAT-1 specific antibodies (pSTAT-1). NF-kB p65 (RelA) was stained as
a loading control. pSTAT-1 and IRF-1 densitometric values, normalized to p65, are reported immediately below the corresponding blot.
doi:10.1371/journal.pone.0057866.g006
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activation, and data already reported in literature show that

multiple points of redox regulation exist, including S-glutathiony-

lation of the IkB kinase IKK-b and the S-glutathionylation of IkB-

a which has functional consequences on catalytic activity and

protein–protein interactions [40,41]. In agreement with these

findings, it has been shown that chemicals able to decrease

intracellular GSH content inhibit IkB-a degradation [41–43].

Thus, it could be hypothesized that I-152, by decreasing

intracellular GSH, may induce IKK-b and/or IkB-a glutathiony-

lation, resulting in the inhibition of IkB-a degradation and

consequently NF-kB nuclear entry (Fig. 7). On the other hand,

I-152 determines an increase in thiol content in the form of NAC,

a molecule which is known to interfere with IkB degradation and

NF-kB activation [44].

High concentrations of I-152 significantly increased IL-27 p28

production while GSH-C4 had no significant effects. The study of

IRF-1 expression revealed that I-152 maintains the STAT-1/IRF-

1 signalling pathway active for periods longer than controls. The

persistence of STAT-1/IRF-1 signalling may explain the higher

levels of IL-27 p28 found in macrophages treated with I-152. A

possible mechanism by which I-152 could prolong activation of

the STAT-1/IRF-1 signalling involves redox regulation of JAK2

through thiols provided by I-152 (in the form of NAC and I-152),

since cysteine residues within JAK2 catalytic domain are crucial

for enzymatic activity which is inhibited by oxidation and restored

via reduction to the thiol state [45] (Fig. 8). Another mechanism

may involve inhibition of tyrosine phosphatases since oxidation/

reduction of conserved cysteinyl residues in the catalytic domains

is an important factor in the regulation of their activity and

a variety of redox-active metabolites can oxidatively inactivate

protein tyrosine phosphatases with potentially profound implica-

tions for signal transduction [46]. Glutathionylation, as suggested

above for inhibition of IkB degradation, can be proposed as

possible mechanism for inhibition of tyrosine phosphatase by I-

152. Having established that GSH-C4 and I-152 differentially

modulate signalling pathway involved in IL-12 p40 and IL-27 p28

expression, further studies will be necessary to establish which

step(s) of the NF-kB and STAT-1/IRF-1 signalling cascades may

be selectively affected by GSH-C4 or I-152 treatment. It would

also be interesting to study the contribution of GSH-C4 and I-152

to functional activity and expression of TLR and IFNGR as well as

their influence on the intracellular molecules identified as essential

for TLR-mediated signalling. In particular, by altering the

intracellular thiol content, these molecules may influence the

post-translational modification required for TLR function [47].

On the whole, these results suggest that it is possible to use

different molecules to change the redox state of macrophages with

the aim to induce Th1 cytokine production. In vivo we previously

found that both GSH-C4 and I-152 increased circulating IL-12

levels and shifted the immune response towards Th1 in Ova- and

Tat-immunized mice. The results reported here explain the

possible mechanism through which GSH-C4 leads to an increase

in IL-12 production while I-152 seems to have different effects

in vivo and in vitro depending on the intracellular redox status. In

fact, in animals immunized by an antigen, i.e. Ova, the content of

GSH is reduced in APC because employed in the processing of

antigens with disulfide bonds [1–3,48,49]. Thus, it could be

hypothesized that I-152 is metabolized to replenish/increase GSH

levels favoring NF-kB activation and IL-12 production. On the

other hand, in vitro experiments here reported show that I-152 is

able to enhance the production of the Th1 cytokine IL-27,

favoring polarization towards Th1 profile. These results also

suggest that increased IL-12 production is not the common effect

of molecules that alter the redox state of APC but is the effect of

GSH.

AIDS, cancer, allergic disorders, as well as aging, are

characterized by a limited ability of organisms to mount a Th1

immune response against an infectious agent or a vaccine antigen.

Of interest, GSH depletion in APC correlates with defective

antigen processing and reduced secretion of Th1 cytokines,

favoring polarization from the typical Th1 cytokine profile towards

Th2 response patterns. In view of therapeutic interventions, one

can envisage the application of GSH-C4 and I-152 both to

interfere with viral infections, and to replenish intracellular GSH

in APC favouring an efficient antiviral response and an efficient

Th1 immune response.

Materials and Methods

Ethics Statement
Housing and treatment of mice were in compliance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals by Health Ministry, law 116, 1992. Experi-

ments were approved by the Committee on the Ethics of Animal

Experiments of the University of Urbino ‘‘Carlo Bo’’. The animals

were suppressed by carbon dioxide. All efforts were made to

Figure 7. The canonical NF-kB signalling pathway. The binding of
ligand to a receptor leads to the recruitment and activation of an IKK
complex which phosphorylates IkB-a leading to degradation by the
proteasome. NF-kB then translocates to the nucleus to activate target
genes regulated by kB sites, such as that of IL-12 p40. I-152, reducing
intracellular GSH, may inhibit the enzymatic activity of IKK complex by
glutathionylation; as a consequence IkB-a degradation and NF-kB
nuclear translocation are inhibited as well. GSH-C4, increasing in-
tracellular GSH, may maintain in a reduced state the cysteine located in
the DNA-binding loop so favouring and prolonging NF-kB DNA binding.
SCF: SCF complex, Skp, Cullin, F-box containing complex: multi-protein
E3 ubiquitin ligase complex.
doi:10.1371/journal.pone.0057866.g007
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minimize animal suffering and to reduce the number of animals

used.

Animals
Four-week-old female ICR(CD-1) mice were purchased from

Harlan Nossan (Milan, Italy) and housed at 2261uC with a 12 h

light/dark cycle, 6065% humidity, and 12 air changes/h. All

animals were acclimatized for 1 week prior to use. Mice were.

Reagents
I-152 was synthesized as previously described [20]. GSH-C4

was provided by Pepnome, Shanghai China.

Murine Peritoneal Macrophage Isolation and Culture
The peritoneal exudate cells of ICR(CD-1) mice were obtained

by peritoneal lavage with 10 ml of ice-cold Hank’s balanced salt

solution supplemented with 10 U/ml of heparin. The cells were

washed twice, resuspended in DMEM medium, supplemented

with 10% fetal bovine serum (FBS) and penicillin–streptomycin,

and overlaid (26106/plate) on plastic dishes (35 mm, Sarstedt,

Italy). The plates were incubated in a humidified 5% CO2

atmosphere at 37uC overnight to allow macrophage adherence.

Nonadherent cells were dislodged and the macrophages were

incubated with either I-152 or GSH-C4 at different concentrations

for 2 hours for thiol determination. The experiments in which IL-

12 p40 and IL-27 p28 induction was studied, after 2 hours of

Figure 8. STAT-mediated activation of gene transcription by IFN-c. The binding of ligand (IFN- c) to the receptor results in receptor
oligomerization and subsequent activation of receptor-associated JAK tyrosine kinases (JAK1 and JAK2). Activated JAKs phosphorylate specific
tyrosine residues in the cytoplasmic domain of the receptor which in turn serves as the docking sites for the cytoplasmic transcription factors known
as STAT-1. STAT-1 are therefore recruited to the phosphorylated receptor and subsequently phosphorylated by JAKs. The phosphorylated STAT-1
then dimerize, leave the receptor, and translocate to the nucleus where they activate the transcription of several genes, such as IRF-1. I-152,
increasing intracellular thiol content, may positively influence JAK2’s catalytic activity which is known to be directly regulated by the redox state of
the cell. I-152 may inhibit protein tyrosine phosphatases by glutathionylation. Y: tyrosine; GAS: IFN-c activation site.
doi:10.1371/journal.pone.0057866.g008
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incubation with the pro-GSH molecules, the cells were stimulated

with 100 mg/ml LPS and 100 U/ml IFN-c for different times

according to the determination performed.

High Performance Liquid Chromatography (HPLC)
Determination of Thiols

Peritoneal macrophage cell cultures and RAW 264.7 cells

(16106 cells/dish) were washed twice in warm Hank’s balanced

salt solution, removed by scraping with a rubber policeman and

immediately lysed with 100 ml of lysis buffer (0.1% Triton X-100,

0.1 M Na2HPO4, 5 mM EDTA, pH 7.5). Thereafter, 15 ml of 0.1

N HCl and 140 ml of precipitating solution (100 ml containing

1.67 g of glacial metaphosphoric acid, 0.2 g of disodium EDTA

and 30 g of NaCl) were added. After centrifugation at 12,0006g

for 10 min, the supernatants were collected and 25% (v/v)

Na2HPO4 0.3 M and immediately after 10% (v/v) DTNB were

added. The mixture was stirred for 1 minute at room temperature

(RT), then it was left at RT for another 5 minutes, and finally it

was used for thiol determination by HPLC. A Teknokroma tracer

excel 120 ODSA 5 mm 1560.46 protected by a guard column was

used in these studies. The mobile phase consisted of 10 mM

KH2PO4 solution, pH 6.0 (buffer A) and buffer A containing 60%

(v/v) of acetonitrile (buffer B). All buffer solutions, after

preparation and pH adjustment, as well as standards, were filtered

through 0.22-mm Millipore filter. The elution conditions were:

10 min 100% buffer A, 20 min up to 100% buffer B and hold

5 min. The gradient was returned to 100% buffer A in 3 min and

the initial conditions restored in 4 min. The flow rate was 1 ml/

min and detection was at 330 nm. Analyses were performed at

room temperature and quantitative measurements were obtained

by injection of standards of known concentration. The exact

concentrations of standard solutions of GSH, GSH-C4 and I-152

were obtained by spectrophotometer readings at 412 nm following

the procedure described by Beutler [36].

Cytokine Assay
Total mouse IL-12 protein, both monomeric p40 and p40

associated to p35 (p70), and IL-27 p28 in the culture medium of

peritoneal murine macrophages either treated or untreated with

the pro-GSH molecules for 2 hours and then stimulated with

100 mg/ml LPS and 100 U/ml IFN-c for 24 hours were

determined by ELISA using kits from GE Healthcare UK

Limited, Amersham Place, UK and R&D Systems. Inc. UK

according to the manufacturer’s instructions. Standard curve for

the cytokines was obtained using the recombinant standard

protein provided by the manufacturer.

Cell Toxicity Assay
Cytotoxicity was assessed by using a CellTiter-96 aqueous one

solution kit from Promega (Madison, WI, USA). This assay is

based on the reduction of the MTS reagent [3-(4,5-dimethylthia-

zol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazo-

lium, inner salt] into a colored formazan product that is soluble in

tissue culture medium. This conversion is accomplished by

NADPH or NADH produced by dehydrogenase enzymes in

metabolically active cells. The quantity of formazan product, as

measured by the absorbance at 490 nm, is directly proportional to

the number of living cells in culture.

IL-12 p40 and IL-27 p28 mRNA Quantification from
Murine Peritoneal Macrophages

Interleukin mRNA levels were evaluated by quantitative-

fluorescence-based real-time reverse transcription PCR (RT-

PCR) in murine peritoneal macrophages incubated with either

20 mM GSH-C4 or 20 mM I-152 for 2 hours and then stimulated

with 100 mg/ml LPS and 100 U/ml IFN-c for 3 and 6 hours.

(i) RNA extraction and reverse transcription. Total RNA

Purification Kit and RNase-Free DNase I Kit (Norgen, Biotek

Corporation, Thorold, ON, Canada) were used for the isolation

and purification of total RNA from macrophages and for

maximum removal of residual genomic DNA respectively,

according to the manufacturer’s instructions. Extracted RNAs

were quantified with the NanoDrop ND-1000 Spectrophotometer

as recommended by the manufacturer (NanoDrop Technologies,

Wilmington, DE, USA). The absorbance ratio at 260/280 and

260/230 were measured to control the purity of RNA and since all

samples had a ratio of about 2.0, they were accepted as pure RNA.

The integrity of RNA was also confirmed by checking ribosomal

RNA with electrophoresis on a 1% agarose gel. One mg of total

RNA was used for cDNA synthesis using the M-MuLV Reverse

Transcriptase KIT (Diatheva, Fano, Italia) in order to obtain an

efficient reverse transcription reaction.

(ii) IL-12 and IL-27 mRNA quantification. Adequate

strategies for primer design were applied to select the pair of

primers spanning the exon-exon junctions, specific for the

amplification of 202 bp of IL-12 p40 and 236 bp of IL-27 p28

mRNAs (GenBank accession no. NM_008352.2 and

NM_145636.1 for IL-12 and IL-27 respectively) according to

Oligo Primer analysis software (version 6.65; Cascade, CO, USA).

The primer sequences were as follows: IL-12f (59 primer, 59-

TCCCTGCAGGGTCCGATCCT-39) and IL-12r (39 primer, 59-

CCTGGCTCTGCGGGCATTTA-39), IL-27f (59 primer, 59-

GCACAGGCACCTCCGCTTTCA-39) and IL-27r (39 primer,

59- GCAGCAGCAGGTCCCGAACAG-39).

Real time PCR reactions were performed with a Hot-Rescue

Real-Time PCR Kit-SG (26) (Diatheva, Fano, Italy), in a final

volume of 50 ml containing 2.5 and 5 ml of the cDNA mixture

(corresponding to 50 and 100 ng of reverse transcribed total RNA,

assuming a 100% efficiency of reverse transcription reaction), and

0,1 mM of each primer. The cycling conditions were 95uC for

10 min, followed by 40 cycles of 95uC for 15 s, 65uC for 20 s,

72uC for 35 s, or 95uC for 15 s and 68uC for 45 s for IL-12 and

IL-27 respectively. Moreover, to check for the presence of

inhibitors in the PCR reaction, an internal control, GAPDH

housekeeping gene (GenBank accession no. NM_008907.1) was

analyzed. The primer sequences were: PPIA 59 primer, 59-

TGGCTGGATGGCAAGCATGT-39 and PPIA 39 primer, 59-

GAGCAGATGGGGTAGGGACGC-39. The cycling conditions

were 10 min at 95uC followed by 40 cycles of 15 sec at 95uC,

45 sec at 68uC and no difference in amplification was found (data

not shown). All tests were conducted in triplicate.

At the completion of each run, melting curves for the amplicons

were measured by raising the temperature by 1.0uC from 55 to

99uC while monitoring fluorescence. The specificity of the PCR

amplification was checked by examining the melting curve for Tm,

its symmetry, and the lack of non-specific peaks. Melting curves

were checked routinely to confirm the quantification of the desired

products. PCR amplification and detection were performed by

using an ABI Prism 7700 Sequence Detection System (Applied

Biosystems, Foster City, CA, USA). The cycle threshold (Ct) value

was determined automatically with the SDS software version 1.9.1

(Applied Biosystems).

An external DNA standard curve was used to quantify IL-12

p40 and IL-27 p28 mRNA and a relative quantification approach

was used to determine the changes in steady-state mRNA levels.

Briefly, ten-fold serial dilutions from 105 to 10 copies of plasmid

standard containing a specific DNA fragment of IL-12 (p40) or IL-
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27 (p28) were amplified in the same run with unknown samples.

The standard curves were created automatically by the Applied

Biosystems software based upon Ct values. A curve was accepted

when the slope was between 23.40 and 23.32 (97–100%

efficiency) and when the minimum value of the correlation

coefficient (R2) was 0.98. mRNA levels were normalized to 100 ng

of total RNA and expressed as percentage (%) vs untreated

stimulated macrophages.

Preparation of Whole-cell Lysates and Nuclear-
cytoplasmic Subcellular Fractionation

For whole-cell extract preparation, macrophages were directly

harvested in SDS buffer: 50 mM Tris-HCl, pH 7.8, 0.25 M

sucrose, 2% (w/v) SDS, supplemented with a commercially

available cocktail of protease (Roche Applied Science, Indianapo-

lis, IN, USA) and phosphatase (1 mM NaF, 1 mM Na3VO4)

inhibitors. Lysates were boiled for 5 min, then sonicated at 100

Watts for 20 sec. Cell debris was removed by brief centrifugation

(10 min at 12,0006g). Protein content was determined by the

Lowry assay [50].

Cytosolic and nuclear extracts were obtained by low salt/

detergent cell lysis followed by high salt extraction of nuclei as

previously described [51]. After treatment, cells were extensively

washed with cold PBS and lysed with Buffer A [10 mM Hepes/

KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM dithiothreitol

(DTT), 0.2 mM EDTA, 0.1% Nonidet-P40, supplemented with

a cocktail of protease (Roche Applied Science) and phosphatase

inhibitors (1 mM NaF, 1 mM Na3VO4)]. The cell suspension was

then chilled on ice for 10 min before centrifugation at 10,0006g.

The supernatant, corresponding to the cytosolic fraction, was then

transferred to a fresh tube, while the resultant pellet was suspended

in Buffer B [20 mM Hepes/KOH pH 7.9, 25% glycerol, 0.42

M NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.2 mM EDTA, supple-

mented with the cocktail of protease (Roche Applied Science) and

phosphatase inhibitors] and incubated on ice for 20 min before

being centrifuged at 10,0006g. Nuclear extract supernatant was

collected, diluted 1:4 in Buffer C (20 mM Hepes/KOH pH 7.9,

20% glycerol, 50 mM KCl, 1 mM DTT, 0.2 mM EDTA, 4 mM

AEBSF) and stored in aliquots at –80uC until use.

Western Immunoblotting
Protein extracts were resolved by SDS-PAGE and gels were

electroblotted onto a nitrocellulose membrane (0.2 mm pore size)

(BioRad laboratories Inc., Milano, Italy). The blots were probed

with the primary antibodies listed below and bands were detected

using horseradish peroxidase-conjugated secondary antibody

(BioRad Laboratories Inc.). Peroxidase activity was detected with

the enhanced chemiluminescence detection method (ECL Kit,

Amersham Biosciences, Arlington Heights, IL, USA). The

antibodies used in this study were: anti-IkB-a (C-21, sc-371), anti

p65 (C-20, sc-372) and IRF-1 (M-20, sc-640) from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA, USA); anti-actin (A 2066)

from Sigma-Aldrich; anti-Phospho-Stat1 (Tyr701) from Cell

Signalling Technology (Beverly, MA, USA).

Densitometric quantitation of immunoreactive bands was

performed in a Chemidoc apparatus (BioRad) equipped with the

Quantity One software.

Electrophoretic Mobility Shift Assay (EMSA)
Upper strand (59-TCAACAGAGGGGACTTTCCGA-

GAGGCC-39) and reverse-complement phosphodiester oligonu-

cleotides, containing the NF-kB binding sequence (underlined),

found in the enhancer of the immunoglobulin light chain gene

(Igk) were custom synthesized by Thermo Fisher Scientific GmbH

(Ulm, Germany) as HPLC-purified products. The Igk double-

stranded ODN was 59 end-labeled with [c-32P]-ATP (Perkin

Elmer Inc., Waltham, MA, USA) and T4 polynucleotide kinase

(T4 PNK, Roche Applied Science). Nuclear extracts (5 mg) were

preincubated with 3 mg of double-stranded non-specific DNA

competitor poly(dI-dC) (Amersham Biosciences) for 10 min on ice

in binding buffer (20 mM Hepes-KOH, pH 7.9, 0.1 M KCl, 5%

(v/v) glycerol, 0.2 mM EGTA, 0.2 mM EDTA, 1 mM DTT).

After this time, the labeled DNA probe was added to the mixtures

at a final concentration of 4.4 nM and the incubation was

continued for an additional 30 min. Reaction mixtures were then

subjected to electrophoretic separation on 5% native polyacryl-

amide gels (29:1 cross-linked) in Tris-glycine buffer (25 mM Tris

base, 192 mM glycine). DNA/protein complexes were detected by

exposing the dried gel in a Molecular Imager (BioRad Labora-

tories Inc.).

Statistical Analysis
Statistical analysis of all data was performed with the Mann-

Whitney test except for data of intracellular thiol content that were

analysed by the Student’s t-test. P,0.05 was considered to be

significant.
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