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Abstract

Reactive oxygen species (ROS) are thought to have effects on T-cell function and proliferation. Low concentrations
of ROS in T cells are a prerequisite for cell survival, and increased ROS accumulation can lead to apoptosis/
necrosis. The cellular redox state of a T cell can also affect T-cell receptor signaling, skewing the immune response.
Various T-cell subsets have different redox statuses, and this differential ROS susceptibility could modulate the
outcome of an immune response in various disease states. Recent advances in T-cell redox signaling reveal that
ROS modulate signaling cascades such as the mitogen-activated protein kinase, phosphoinositide 3-kinase
(PI3K)/AKT, and JAK/STAT pathways. Also, tumor microenvironments, chronic T-cell stimulation leading to
replicative senescence, gender, and age affect T-cell susceptibility to ROS, thereby contributing to diverse immune
outcomes. Antioxidants such as glutathione, thioredoxin, superoxide dismutase, and catalase balance cellular
oxidative stress. T-cell redox states are also regulated by expression of various vitamins and dietary compounds.
Changes in T-cell redox regulation may affect the pathogenesis of various human diseases. Many strategies to
control oxidative stress have been employed for various diseases, including the use of active antioxidants from
dietary products and pharmacologic or genetic engineering of antioxidant genes in T cells. Here, we discuss the
existence of a complex web of molecules/factors that exogenously or endogenously affect oxidants, and we relate
these molecules to potential therapeutics. Antioxid. Redox Signal. 18, 1497–1534.

I. Introduction 1498
II. T Cell 1498
III. T-Cell Subsets and Susceptibility to Oxidative Stress 1499
IV. T-Cell and Redox Regulators 1506

A. Transcription factors 1506
1. Nuclear factor jB 1506
2. p53 1506
3. Forkhead transcription factors of class O 1507
4. Nuclear factor erythroid-2-related factor 2 1508

B. Mitogen-activated protein kinases 1508
1. c-Jun N-terminal kinase 1508
2. Extracellular signal-regulated kinases 1508
3. p38-MAPK 1509

V. Key Molecules in Redox Regulation 1509
A. Antioxidant/redox proteins 1509

1. Superoxide dismutase 1509
2. Glutathione peroxidase 1510
3. NADPH oxidase 1510
4. Catalase 1510

Department of Surgery, Hollings Cancer Center, Medical University of South Carolina, Charleston, South Carolina.
*These two authors contributed equally to this work.

Reviewing Editors: Ann Baldwin, Garth Burn, Alice Carrier, Keith Gould, Michael J. Pinkoski, Usha Ponnappan, Simon Powis, Karen Stokes,
Michel Toledano, Junji Yodoi, and Reiji Yoshimura

ANTIOXIDANTS & REDOX SIGNALING
Volume 18, Number 12, 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2011.4073

1497



5. Glutathione and cell surface thiol 1510
6. Thioredoxin 1510
7. Vitamins 1511

VI. Web of Redox Regulation Molecules 1511
VII. Role of Redox Regulation in Human Diseases 1514

A. Autoimmune disorders 1514
1. Rheumatoid arthritis 1514
2. Systemic lupus erythematosus 1515
3. Type 1 diabetes 1515

B. Cardiovascular disorders 1516
1. Atherosclerosis 1516
2. Cerebral ischemia/stroke 1516

C. Cancer and metastasis 1516
D. Neurological disorders 1517

1. Amyotrophic lateral sclerosis 1517
2. Multiple sclerosis 1518
3. Parkinson’s disease 1518

E. Skin disorders 1518
1. Psoriasis 1518
2. Scleroderma 1518
3. Vitiligo 1519

F. Viral diseases 1519
1. Human immunodeficiency virus 1519
2. Influenza 1519

G. Aging 1520
H. Gender-related differences in the oxidative stress response and T-cell immunity 1520

VIII. Gene Mutation and Polymorphism in Oxidative Stress and Diseases 1520
IX. Therapeutic Strategies to Overcome Oxidative Stress-Induced Diseases 1522
X. Conclusion 1523

I. Introduction

Growing evidence indicates that the cellular reduc-
tion/oxidation (redox) status regulates various aspects

of cellular function. Oxidative stress can elicit positive re-
sponses, such as cellular proliferation or activation, as well as
negative responses, such as growth inhibition or cell death,
most likely in a concentration-dependent manner (Fig. 1).
Multiple cellular components, such as DNA, proteins, and
lipids, are affected by oxidative stress, leading to various
human diseases, including cancer, neurodegeneration, in-
flammatory diseases, and aging. The effects of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) on
immune cells and their roles in promoting or controlling acute
and chronic diseases have gained increasing scientific prom-
inence. While T cells are important in the adaptive immune
response, ROS play a significant role as important innate ef-
fectors, by controlling infection and tumorigenesis as well as
by modulating T-cell reactivity and autoimmunity. ROS are
also thought to be a third signal, along with proinflammatory
cytokines, because they enhance and prolong the antigen-
specific proliferative response in T cells (285). Thus, the release
of ROS, either exogenously by activated granulocytes and
macrophages during inflammation or endogenously by
chronically stimulated T cells, is important for balancing T-
cell activation versus inactivation and thereby regulating im-
mune outcomes. In addition, the importance of T-cell subsets
in tumor immunotherapy has also been recently recognized.
However, the persistence of tumor epitope-specific T cells
could also be affected by the observed differential suscepti-

bility of T-cell subsets to oxidative stress. In this review, we
discuss signaling molecules involved in the regulation of T
cells’ redox status and the strategies that can be implemented
to overcome disease.

II. T Cell

T cells are important in regulating the adaptive immune
response to specific antigens. Based on the type of T-cell re-
ceptor (TCR) expression, T cells are either gamma delta (cd) or
alpha beta (ab) T cells. cd T cells comprise < 5% of the total T-
cell population, found at their highest abundance in the gut
mucosa, consistent with their role in mucosal immunity. This
review focuses on the ab TCR-bearing T cells, which have a
major role in controlling tumor or infectious disease along
with autoimmune disease severity. ab T cells are further cat-
egorized based on the cell surface expression of the co-
receptor molecules CD4 and CD8. CD4+ T cells or T helper
(Th) cells have low cytotoxic activity and provide help by
activating and modulating other immune cells to initiate the
body’s response to invading microorganisms. CD8 + T cells,
on the other hand, are referred to as T cytotoxic (Tc) cells and
are known to destroy/kill cells that have been infected with
foreign invading microorganisms. Both CD4 + and CD8 + T
cells are important in autoimmunity, asthma, and allergic
responses as well as in tumor immunity. During TCR acti-
vation in a particular cytokine milieu, naı̈ve CD4 + T cells and
CD8 + T cells may differentiate into one of several lineages of
Th or Tc, including Th1/Tc1, Th2/Tc2, Th9/Tc9, Th17/Tc17,
Th22/Tc22, and iTreg (induced regulatory T cells, T

1498 KESARWANI ET AL.



regulatory cells induced from CD25- cells), as defined by their
pattern of cytokine production and function (Fig. 2) (325). How
these variations may relate to differences in response, survival,
and persistence of the lymphocyte subsets under oxidative
stress is dictated by innate differences among cytokines and
signaling requirements for T-cell development, the networks of
transcription factors involved in T-cell differentiation, and the
epigenetic regulation of key T-cell cytokines.

III. T-Cell Subsets and Susceptibility

to Oxidative Stress

ROS are critical across a broad spectrum of cellular pro-
cesses, including signaling, tumor progression, and innate

immunity. However, the role of ROS in mammalian adaptive
immune system development and function remains largely
unknown. A recent study demonstrated that thymus-specific
elevation of mitochondrial O2

�
- disrupts normal T-cell de-

velopment and impairs the function of the mammalian
adaptive immune system (40). Emerging evidence reveals that
the differentiation state of lymphocytes largely determines
their fate in terms of function and persistence. Although
several studies describe the functional consequences of oxy-
gen radical-related immuneregulation, relatively little is
known about the sensitivity of individual lymphocyte subsets
to oxidative stress and how this process affects disease pro-
gression. The susceptibility of T cell subsets to oxidative stress
is discussed below.

FIG. 1. Fate of peripheral T cell
in response to different levels of
ROS. Increasing the concentration
of ROS leads to a differential T-cell
response, including TCR activation
and cytokine production. Low
concentration of ROS leads to im-
proper signaling and therefore low
activation and proliferation. Opti-
mal conditions of ROS are required
for proper activation of T cells. In-
creasing the concentration of ROS
can lead to increased apoptosis of T
cell as a result of DNA damage and
activation of p53 induced-genes
and FasL. ROS, reactive oxygen
species; TCR, T-cell receptor; Th, T
helper.

FIG. 2. Signature cytokine
secreted and transcription
factors involved in different
T cell subsets.
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In an adaptive immune response, T cells recruit and acti-
vate B cells, CD8 + T cells, macrophages, mast cells, neutro-
phils, eosinophils, and basophils. In the presence of
differentiating signals, naı̈ve CD4 + (Th) and CD8 + (Tc) cells
could exhibit either of the known major lineages, namely
Th1/Tc1, Th2/Tc2, Th9/Tc9, Th17/Tc17, Th22/Tc22, and
iTreg (Fig. 2) (324). These T-cell subsets are marked by dif-
ferential cytokine production and cellular distribution. They
also have the ability to switch from one lineage to another
under certain inflammatory conditions. Taken together, T
cells are therefore described as plastic (209). This T-cell plas-
ticity may be affected by an oxidative microenvironment,
thereby shifting the normal immune response. A recent study
showed that the oxidative microenvironment exerts an op-
posing effect on cytokine secretion by Th1 compared to Th2
cells (77). In this study, in vitro derived Th1 and Th2 clones or
T cells derived from autoimmune thyroiditis were used to
examine the ability of Th1 or Th2 cells to expand and produce
cytokines in response to oxidative stress. Results showed that
low doses of hydrogen peroxide (H2O2) reduce the interferon-c
(IFN-c) production of activated Th1 clones and increase IL-4
secretion by activated Th2 clones (Fig. 3). Importantly, an-
other study has shown that mitochondrial ROS can control T-
cell activation by regulating IL-2 and IL-4 expression (129).
Kaminski et al. (129) report that an oxidative signal originating
from the mitochondrial respiratory complex I regulates T-cell
activation-induced expression of the cytokines IL-2 and IL-4.
Using a complex I inhibitor or small interfering RNA (siRNA)-
mediated downregulation of the complex I chaperone NDU-
FAF1 (NADH dehydrogenase-1 alpha-subcomplex subunit),
they demonstrated that TCR-induced ROS production by
complex I is crucial for activation-induced IL-2 and IL-4 ex-
pression in resting and preactivated human T cells. Moreover,
using T cells isolated from patients with atopic dermatitis,
these authors suggest that inhibition of complex I-mediated
ROS generation blocks disease-associated spontaneous hy-
perexpression and TCR-induced expression of IL-4. Thus,
oxidative stress plays an important role in the pathogenesis of
allergic respiratory diseases and can upregulate Th2-driven
inflammation, thereby increasing disease severity, bronchial
hyper-responsiveness, and airway remodeling. Similarly, a
role of superoxide in modulating Th17 and Th1 T cell re-
sponses has also been documented (286). This study showed
that T-cell polarization was altered when macrophage and T
cell superoxide production involving nicotinamide adenine
dinucleotide phosphate oxidase (NADPH) oxidase (NOX)
was inhibited. A comparison of the cytokine profile after
stimulation with immobilized anti-CD3 and anti-CD28 T cells
from NOX-deficient mice showed a skewed Th17 phenotype,
whereas T cells from NOX-intact mice exhibited the Th1
phenotype. Similar results were observed in vivowhere NOX-

deficient NOD mice with a Th17 phenotype exhibited con-
comitant susceptibility to experimental allergic encephalomy-
elitis (EAE) and significant protection against type 1 diabetes.

Emerging evidence also indicates that the T-cell differen-
tiation state determines T-cell effectiveness in responding to
infection and tumor. Determining the differentiation states to
characterize effective T cells is important for designing the
vaccination protocols of immunotherapy, which primarily
target antigen-specific T-cell activation and expansion. The T-
cell subsets could be defined by the expression of a set of cell
surface molecules, as depicted in Table 1 (248). The difference
in phenotype expression is primarily an outcome of the acti-
vation status of these T cells, reflecting their ability to secrete
cytokines and kill target cells. In the widely accepted classi-
fication scheme based on expression of cell surface molecules,
central memory T cells (TCM) are antigen-experienced cells
that constitutively express CD62L and CCR7, two surface
molecules necessary for cellular extravasations in high endo-
thelial venules and migration to the T-cell zones of the pe-
ripheral lymph nodes. In contrast, effector memory T cells
(TEM) are antigen-experienced T cells that have significantly
downregulated thesemarkers, and hence have a propensity to
populate peripheral tissues, such as the liver and lung, as well
as inflammatory sites. Other important issues with regard to
T-cell subsets of varying phenotype and function are their
maintenance and the effect of activation-induced cell death
(AICD) after re-exposure to an antigen. The extent of cell
death of effectors with the memory phenotype may influence
the size of the eventual memory T-cell pool. In addition, the
ability of T cells to persist in conditions of oxidative stress, in
either an infectious disease state or a tumor microenviron-
ment, determines which pool of T cells persists under these
conditions.

Antigen-specific human CD8 + cytotoxic T lymphocytes
(CTLs) with the heterogeneous phenotype (as discussed
above) could also be programmed in response to the strength
and duration of TCR stimulation. While antigen-mediated
repetitive TCR stimulation has been shown to enhance the
vaccine efficacy (prime/boost strategies) by increasing the
CTL number and function (179), some recent studies have
questioned this view (18, 26, 94). In our laboratory, we have
characterized the effect of antigen restimulation on T-cell fate
in a melanoma epitope MART-127–35-specific self- and influ-
enza epitope MP58–66-specific nonself-reactive CTLs raised
from peripheral blood of HLA-A2 + healthy donors as de-
scribed earlier (183–185). CTLs expanded from T-cell precur-
sors by a single round of stimulation (primary, 1�) or two
rounds (secondary, 2�) with cognate peptide-pulsed autolo-
gous dendritic cells were compared for T-cell function and
death upon restimulation with cognate peptide-loaded sur-
rogate antigen-presenting cells (APCs), T2 cells. As shown in

FIG. 3. Control of ROS on Th1,
Th2 paradigm. Increasing the con-
centration of ROS suppresses the
number of Th1 cells and increases
the number of Th2 cells. Moreover, it
increases the proapoptotic genes
such as FasL and Bim. Lower con-
centration ofROS/RNSpromotes the
expression of antiapoptotic genes.
RNS, reactive nitrogen species.

1500 KESARWANI ET AL.



Figure 4, 1� MART-127–35 and MP58–66 CTLs exhibited less
translocation of phosphatidylserine (PS) to the outer layer of
the CTL membrane than the corresponding 2� CTLs, as
measured by annexin V staining. This PS exposure represents
an early hallmark in detecting cells undergoing AICD. The
data in Figure 4 show that CTLs that encountered antigen
once were less sensitive to TCR restimulation-induced cell
death as compared to CTLs that encountered antigen twice.
This shows that the T cells are intrinsically modulated after
each antigen encounter (and similarly by antigen dose, du-
ration of antigen encounter, or cytokines in their microenvi-

ronment) that could affect their persistence or function and
thus the immune outcome.

Furthermore, to ascertain contributing factors that would
contribute to increased sensitivity to TCR-mediated cell death
in 2� CTLs as opposed to 1� CTLs, we examined the expres-
sion of various cell surfacemarkers. A representative example
is shown in Figure 5. There was an increase in the percentage
of antigen-specific CTLs in the 2�CTLs when compared to the
1� CTLs (upper right quadrant in dot plots). MART-127–35-
specific CTLs were tracked by using an MHC class I tetramer
reagent, which revealed an increase from 23% to 47%,
whereas MP58–66 specific CTLs increased from 44% to 54%.
Notably, the phenotype concomitantly drifted toward a TEM-
like phenotype, with the loss of CD62L, CD45RA, and CD27
levels and the gain of CD45RO expression. As we have re-
ported earlier (185), the nonself influenza epitope-specific
CTLs exhibited a more TEM-like phenotype regardless of the
number of antigen stimulations. Thus, while a distinct de-
crease in CD62L and CD27 expression was observed in
MART-127–35-specific CTLs, only a slight decrease in already
low levels of expression was noticed in MP58–66 specific 2�
CTLs when compared to the 1� CTLs. Nevertheless, antigen
restimulation significantly decreased the expression of the
naı̈ve cell surface marker CD45RA and increased the expres-
sion of the memory marker CD45RO on both MART-127–35-
and MP58–66-specific CTLs. Since evidence exists for a role of
intracellular thiols in ROS production and of cell surface thiol
level in T cells’ ability to secrete ROS, we further evaluated
whether differences in cell surface phenotypes (thereby re-
flecting qualitatively distinct T-cell subsets) were correlated
with cognate antigen-induced cell death. We characterized
the difference in TCR-induced annexin V expression (a mar-
ker of early apoptosis) in the CTL population with heteroge-
neous cell surface expression patterns of markers implicated
in defining TCM- versus TEM-like subsets. Antigen-specific
CTLs stimulated for 4 hwith a cognate or control epitopewere
stained, in parallel, for a panel of cell surface markers and
gated for high or low/negative expression for each of these

FIG. 4. Cognate antigen stimulation-mediated expansion and cell death in CD81 T cells. Comparison of AICD in MART-
127–35 and MP58–66 epitope-specific primary (1�) and secondary (2�) expanded CTLs. CTL populations were stimulated with
control and cognate epitope, and AICD was measured using annexin V staining (histogram). Numbers in the top right corner
represent mean fluorescence intensity (MFI) values of annexin V. Percent increase in annexin V+ cells in groups treated with
either cognate epitope or control epitope is shown in the middle panel. AICD, activation-induced cell death; CTLs, cytotoxic T
lymphocytes.

Table 1. Phenotype and Function of T-Cell Subsets

T-cell subset Phenotype

Naı̈ve CD62L + + + CCR7 + + +

CD27 + + + CD28 + + +

CD45RA + + + CD45RO -

KLRG-1 -CD57-

TCM CD62L + +CCR7 + +

CD27 + +CD28 + +

CD45RA -CD45RO + + +

KLRG-1 -CD57-

TEM CD62L -CCR7 -

CD27 + +CD28 -

CD45RA -CD45RO + + +

KLRG-1 + +CD57 -

Teff CD62L -CCR7 -

CD27 -CD28-

CD45RA -/ +CD45RO + +

KLRG-1 + + +CD57 + +

Treg CD25 + + +

FOXP3 + + +

The phenotypic expressions or functional attributes are indicated
as low (+ ), intermediate ( + + ), and high ( + + + ).

RA, rheumatoid arthritis; TCM, central memory T cells; TEM,
effector memory T cells; Teff, effector T; Treg, regulatory T cell.

REDOX REGULATION OF T CELL AND ITS ROLE IN HUMAN DISEASES 1501



markers and then evaluated for annexin V expression levels.
The CTLs exhibiting a TEM-like phenotype (CD27loCD62Llo

CCR7loCD45ROhiCD45RAlo) were preferentially sensitive to
AICD (stained brighter for annexin V), compared with CTLs
with a TCM-like phenotype (CD27hiCD62LhiCCR7hiC-
D45ROloCD45RAhi) (Fig. 6). Thus, antigen-specific CTLs with
a TEM-like phenotype preferentially undergo TCR-mediated
AICD compared to CTLs with a TCM-like phenotype. The
increased sensitivity of TEM-like T cells to TCR-induced AICD
could also be correlated to reduced levels of thiols in
CD45RO + T cells as compared to CD45RA + T cells, as pre-
viously shown in our laboratory (184) (Fig. 6).

Earlier studies have also shown that human peripheral
blood mononuclear cells (PBMCs) stimulated with either
HLA-A2-restricted influenza peptide or nonspecific receptor
cross-linking, followed by treatment with micromolar (lM)
concentrations of H2O2, produce reduced amounts of cyto-
kines (172). This reduction in Th1 cytokines was observed in
the memory/effector (CD45RO+ ) T-cell subset and correlated
with a block in nuclear factor kappa B (NFjB) activation.
Takahashi et al.(277) have shown that the sensitivity of T-cell
subsets of unstimulated human PBMCs to cell death was
further investigated by inducing the T cells with low doses of
H2O2. This study demonstrated that TEM (CCR7 -CD45RA - )
cells were particularly sensitive to lowdoses ofH2O2, whereas
TCM (CCR7 +CD45RA - ) are significantly less sensitive (277).
Time–kinetic experiments, in which the mitochondrial mem-
brane potential and caspase 3 activities were analyzed, sug-
gested that the mitochondrial pathway is the primary cell
death pathway for CD45RO + T cells when exposed to low
levels of H2O2. However, in our laboratory, we reasoned that
for an oxidative agent, such as H2O2, to differentially induce
cell death, either reduced or oxidized surface molecules must
regulate susceptibility to H2O2-mediated apoptosis. Because

recent studies have implicated reduced thiols (cysteine–SH) in
the function of individual cell surface proteins (81, 245), we
evaluated the level of cell surface thiols (cs-SH) on CD45RO +

and CD45RA + T-cell subsets using a fluorochrome-
conjugatedmaleimide dye, as previously described (245). Our
data suggest that CD8 + T cells with a CD45RA + phenotype
express more cs-SH as compared to the T-cell subset with a
CD45RO + phenotype (186). It has also been documented that
the overall cs-SH content on cell surface molecules could be
correlated to the level of intracellular glutathione (iGSH)
(246). Measuring iGSH on CD8 + T cells using the mono-
chlorobimane-staining method (75) revealed higher expres-
sion of this key antioxidant molecule in a naı̈ve CD45RAhigh

T-cell subset as compared to the antigen-experienced
CD45RAlow T-cell subsets (Fig. 7). This finding accords with
our data that show that T cells lose thiol expression after
proliferation on repeated TCR stimulation. Recent studies
have implicated that the levels of cs-SH can be manipu-
lated in vitro by altering the levels of intracellular iGSH or
c-glutamylcysteinylglycine (187). Intracellular GSH is the
most prevalent intracellular thiol ubiquitous to all cell types
whose function is to maintain the cellular redox state. Other
studies have also suggested that a lower capacity to produce
ROS is associated with an increased number of reduced thiol
groups (–SH) on T-cell membrane surfaces (186). Artificially
increasing the number of reduced thiols on T cells either by
culturing with reducing agents, such as b–mercaptoethanol
(309), or by using N-acetylcysteine (L-NAC), a thiol antioxi-
dant and precursor of GSH, lowered the threshold for T-cell
reactivity and enhanced proliferative responses in vitro. Ex-
periments in our laboratory have shown that pretreatment of
both tumor epitope-specific primary and TCR-transduced
T cells with the thiol donor L-NAC increased cellular thiols
and rescued T cells from TCR stimulation-mediated AICD

FIG. 5. Antigen restimulation leads to phenotype drift. MART-127–35- and MP58–66 epitope-specific CTLs primed with
peptide-pulsed autologous DCs were restimulated and analyzed by flow cytometry after one (1�) or two rounds (2�) of TCR
restimulation. Histograms represent the expression of a particular cell surface marker on gated tetramer positive CD8 + T
cells. Numbers on the right corner represent MFI values. Data shown in (A) and (B) are from one of three experiments with
similar results.

1502 KESARWANI ET AL.



FIG. 6. Evaluation of the relative
sensitivity to AICD in phenotypi-
cally different T-cell subsets. After
restimulation of the CTLs with
cognate epitope, death of specific
CTL subpopulations was measured
by gating on high and low expres-
sion levels of each of the cell surface
markers related to T-cell memory.
Histograms represent the level of
annexin V expression in CTL pop-
ulations, which are gated for low
(Lo) or high (Hi) expression level of
the respective cell surface marker.
Data shown are from one of two
experiments with similar results.
(To see this illustration in color, the
reader is referred to the web ver-
sion of this article at www
.liebertpub.com/ars.)
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without impairing their functional capacity (Fig. 8). These
results suggest that T-cell expansion upon cognate antigen
encounter affects the cell surface marker expression, replica-
tive history, and the CTL quality by decreasing its antioxidant
capacity.

In addition, different T-cell phenotypes have differential
susceptibility to oxidative stress-induced apoptosis, and this
susceptibility is associated with cell surface thiol expression
and iGSH. The data discussed above suggest that increased
levels of reduced thiol groups and iGSH in a T-cell subset
could be responsible for its increased ability to persist in a
tumor-induced oxidative stress microenvironment. Our
laboratory is currently exploring whether this differential
susceptibility to oxidative stress between T-cell subsets cor-
relates with differences in expression levels of genes in-
volved in oxidative stress/ROS metabolism or can be
modulated by factors that play an important role in T-cell
development and maintenance (such as cytokines, APC,
antigen dose, and Toll-like receptors). Our recent data show
that IL-15 increases the level of cell surface thiols and the
overall antioxidant capacity of CD8 + T cells (138). We also
observed that CD8 + T cells cultured in IL-15 result in an
increased mitochondrial mass as compared to T cells cul-
tured in IL-2 (Fig. 9A). The increase in mitochondrial mass
signifies a higher mitochondrial copy number in the T cells
when cultured in the presence of IL-15. Since the mito-
chondrion is a key regulator of the metabolic activity of the
cell and is an important organelle in both production and
degradation of free radicals, an increase in higher mito-
chondrial mass supports our published data that T cells
cultured in the presence of IL-15 showed higher ROS and
RNS secretion (138). Since mitochondria are produced from

the transcription and translation of genes both in the nuclear
genome and in the mitochondrial genome, we further eval-
uated the genes encoded by the mitochondrial genome that
are mostly involved in the electron transport chain mito-
chondrial cytochrome B (MT-CYB), mitochondrial cycloox-
ygenase 2 (MT-COX2); NDUFA; (NADH dehydrogenase
[ubiquinone]-1 alpha-subcomplex subunit). Our data show
that cells cultured in the presence of IL-15 have more ex-
pression of these mitochondrion-associated genes (Fig. 9B)
(24). If other cytokines that also influence the T-cell pheno-
type also modulate mitochondrial biogenesis is currently
under investigation in our laboratory. Our preliminary data
evaluating the effect of IL-12-, IL-21-, and IL-17-secreting T
cells also show that the antioxidant capacity of T cells is
modulated in the presence of these cytokines (unpublished
data). Thus, it is evident that cytokines do have the capacity
tomodulate the redox status of T cells. Moreover, T cells with
a different phenotype have differential susceptibility to ox-
idative stress based on their redox status. This is further
supported by the recent observation that CD8 + memory T
cells, but not CD8 + effector T (Teff) cells, possessed sub-
stantial mitochondrial spare respiratory capacity (SRC), and
SRC is a critical regulator of CD8 + T-cell memory develop-
ment (285). Mitochondrial SRC is the extra capacity available
in cells to produce energy in response to increased stress or
work and is associated with cellular survival. Thus, under-
standing the T-cell phenotype and function should hold
importance in modulating a disease state that involves
T cells. While increasing the antioxidant capacity by
thiol donors prevented AICD, a similar strategy may be
used to increase the persistence of T cells or modulate the
T-cell phenotype (effector vs. memory) by modulating

FIG. 7. Activated CD81 T cells were analyzed for expression of iGSH using monochlorobimane (mBCl). Briefly, cells
were preloaded for 15min with 10-lM mBCl, which forms blue fluorescent adducts with iGSH. Immediately before flow
cytometry analysis, propidium iodide was added. For mBCl, cells were excited with a violet (UV) 405-nm laser, and emission
was acquired with a 440/40 filter. Changes in the iGSH are reflected by the appearance of populations of cells with
differences in mBCl fluorescence. Histogram represents the level of fluorescence from stained samples that were gated for
high or low cell surface expression of CD45RA. CD45RA is primarily expressed on naı̈ve T cells (CD45RAhi) and is lost after
TCR stimulation (CD45RAlo). Data shown are from one of three experiments with similar results. iGSH, intracellular glu-
tathione; RA, rheumatoid arthritis.
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mitochondrial function. Overall, these results show how
cytokines control the T-cell phenotype and bioenergetic
stability of T cells, and that regulating T cell mitochondrial
metabolism may be key in controlling pathogenic disease
states (290).

In addition to Teff cells with different phenotypes, natu-
rally occurring regulatory T cells (Tregs) with a strong im-
munosuppressive capacity and known to play a critical role in
the T-cell homeostasis exhibit reduced sensitivity to oxidative
stress-induced cell death while maintaining their suppressive
function (279, 293). Human Tregs have several defense
mechanisms to counteract oxidative stress. Tregs express high
levels of cell surface thiols, which are important reducing
agents, as well as increased intracellular antioxidative ca-
pacity (195). In addition, Tregs express and secrete high levels
of thioredoxin-1 (TRX-1), a major antioxidativemolecule (196)
that is required for cell surface thiol expression and decreases
the susceptibility of Tregs to oxidative stress-induced apo-
ptosis. This enhanced antioxidative capacity of Tregs possibly

serves as a feedback inhibition mechanism during inflam-
mation and prevents uncontrolled immune reactions by fa-
voring survival of suppressor rather than effector cells.
Moreover, Tregs have been shown to interfere with GSH
metabolism in dendritic cells and T cells (314), thereby
allowing Tregs to survive oxidative stress signals by
diminishing GSH synthesis via decreased expression of
c-glutamylcysteine synthetase, the rate-limiting enzyme for
GSH synthesis. Tregs also consume extracellular cysteine
and partition it more proficiently to the oxidation product,
whereas Teff cells divert more of the cysteine pool toward
protein and GSH synthesis (314). Initially, a higher concen-
tration of GSH is seen in the nucleus during cell proliferation;
later, GSH is redistributed to the cytoplasm. Tregs block the
redistribution of GSH in Teff cells. Together, these data sug-
gest that Tregs can modulate sulfur-based redox metabolism,
and as a result of this modulation, T-cell activation and pro-
liferation are suppressed. Recently, the importance of mac-
rophage-produced ROS in inducing Tregs has also been

FIG. 8. Susceptibility of melanoma epitope-reactive T cells to AICD and its rescue by increasing thiols. (A) MART-127–35
epitope-reactive CTLs were stimulated with a control or cognate epitope (1 (g/ml) or first preincubated with 5mM of L-NAC
for 30min and then stimulated with their cognate epitope. Induction of AICD in CTL was evaluated 4h later by staining for
tetramer, anti-CD8 mAb, and annexin V. Histograms depict annexin V expression on CD8+ , tetramer+ CTLs under the
indicated conditions. gp-100 (control epitope); MART-127–35 (cognate epitope). (B) CD8+ T cells transduced with TIL1383I TCR
were either untreated or pretreated with 5mM of L-NAC for 30min before stimulated with cognate tyrosinase peptide or
control MART-1 peptide-pulsed T2 cells and stained with anti-CD8, CD34 mAbs, and annexin V. Percent increase in annexin
V-positive cells upon stimulation with cognate peptide over annexin V-positive cells in culture stimulated with a control peptide
is depicted. Data shown in (A) and (B) are from one of three representative experiments. NAC, N-acetylcysteine.

REDOX REGULATION OF T CELL AND ITS ROLE IN HUMAN DISEASES 1505



highlighted (149). Based on the results of this study, the in-
duction and immunosuppressive function of Tregs are de-
pendent on ROS, and ROS deficiency may lead to decreased
Treg induction and hampered T-cell suppression. This study
demonstrates that macrophages significantly express both
gp91phox and p47phox proteins, more than DCs, and are
better in producing ROS and inducing Tregs. Coculturing of
CD4 +CD25- (Th cells) cells with macrophages and anti-
CD3/CD28 demonstrated induction of Tregs (increase in the
number of iTregs- CD4 +CD25 +FoxP3 + ), which was attrib-
uted to increased ROS secretion, since coculture of the same
cells in the presence of apocynin (a NOX inhibitor) lowered
the number of iTregs and their proliferation. Thus, these
findings together highlight the importance of the redox-
regulating molecules in skewing the T-cell subset, which in
turn could result in modulating the immune status of an in-
dividual. In the following section, we further discuss impor-
tant redox-regulating molecules that could have implications
in T-cell response.

IV. T Cell and Redox Regulators

It is well known that TCR activation triggers a number of
signaling cascades. Interestingly, an early event in TCR acti-
vation activates lymphocyte protein-tyrosine kinase (Lck) by
the TCR/CD3 complex. This is followed by recruitment of f-
chain-associated protein kinase (Zap-70), which further am-
plifies the response and leads to the activation of multiple
pathways, including ERK, mitogen-activated protein kinase
(MAPK), and c-Jun N-terminal kinase ( JNK). These pathways
ultimately determine the cell fate for differentiation and pro-
liferation (36, 160). In addition, the cellular concentration of
ROS can also lead to selective activation of several transcrip-
tion factors such as NFjB, p53, and AP-1. These transcription
factors determine the fate of cells, survival versus death. The
following section focuses briefly on the roles of reactive
molecules in modulation/regulation of the various signaling
molecules (Fig. 10).

A. Transcription factors

1. Nuclear factor jB. NFjB is a dimeric transcription
factor that is involved in the vital signaling pathway for the
activation of proinflammatory cytokines, chemokines, cellu-
lar proliferation, and mediators of apoptosis (284). NFjB is
also important for the maturation and survival of T lympho-
cytes, as they are activated upon TCR activation (130). Several
studies show that the redox state of a cell can regulate NFjB,
which can in turn affect the generation of a robust T-cell im-
mune response (273). NFjB is also shown to be constitutively
expressed in acute myeloid leukemia (AML) cells, suggesting
that NFjB acts as an antiapoptotic mediator in AML cells.
Therefore, when NFjB activation is blocked with pharmaco-
logical agents, AML cells undergo targeted apoptosis (76). A
study in cardiac dysfunction in type II diabetes demonstrated
that enhanced activity of NFjB leads to increased ROS,
ONOO - , gp91phox, and NOX1 expression. Therefore, these
studies demonstrate that ROS-mediated activation of tran-
scription factor NFjB is a central regulator of T-cell immunity,
inflammation, and cell survival.

2. p53. p53, one of the most important tumor suppressor

proteins, is vital for protecting cells in oxidative stress by

FIG. 9. Effect of IL-15 on mitochondrial biogenesis. (A) T
cells were cultured in presence of IL-2 (10 ng/ml) and IL-15
(10 ng/ml) for 15 days. Mitochondrial mass was determined
by staining the cells with a MitoTracker dye. (B) T cells from
two different healthy donors were cultured in presence of
IL-2 and IL-15, and expression of mitochondrial genes was
determined by real-time PCR.
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maintaining genomic integrity. DNA damage is the most
common outcome in cells after oxidative stress. p53 arrests
proliferation of such cells and triggers signals to undergo
apoptosis to overcome DNA damage (132, 180, 225). How-
ever, studies reveal that p53 can protect against DNA damage
from ROS-induced oxidation by upregulating several anti-
oxidant genes such as glutathione peroxidase 1 (GPX1) (243).
This study illustrates that p53-/- -deficient mice develop
lymphomas by 6 months of age, whereas the p53-/- mice
supplemented with the antioxidant L-NAC diet were signif-
icantly protected from developing lymphomas. While a direct
crosstalk between p53 signaling and ROS production is not
clearly understood, it has been shown that T cells require low
concentrations of ROS for proper activation and signaling.
However, accumulating ROS may lead to activation of p53
and p53-inducible genes, leading to apoptosis (225). Ad-
ditionally, high levels of ROS may result in the phosphory-
lation and stabilization of p53 and subsequent activation of
apoptotic signals as seen in other biological systems and
diseases (283). In vitro and in vivo studies using p53 -/ - mice
suggest that p53 is important in regulating apoptotic signals
in T cells (266). Based on recent evidence, p53 is a key regu-
lator of T-cell maturation and of the differentiation of a/b T
cells in the thymus (210).

Moreover, p53 plays a significant role in controlling the cell
cycle at the mitotic phase of antigen-specific proliferating T
cells (17). Interestingly, infiltration of immune cells, specifi-
cally the tumor-infiltrating T cells (TILs), Tregs, and tumor-
associated macrophages, was associated with p53 mutations
in ovarian cancer patients (259). Based on recent DNA mi-
croarray studies, Desaint et al. (60) showed that 42 differen-
tially expressed genes were identified in cells in response to
H2O2 treatment. Interestingly, 17 of the 42 genes (*40%)were
targets of p53 (60), demonstrating a role for oxidative stress
regulation in p53-mediated immune responses. Polyak et al.
have shown that p53 can induce the expression of different
genes such as proline oxidase, which upregulates ROS pro-
duction in cancer cells (225, 239). The tumor suppresor p53 has

also been shown to regulate mitochondrial ROS production
by altering the expression of the mitochondrial antioxidant
enzyme, manganese superoxide dismutase (MnSOD) (109,
240). Therefore, an impaired communication between the
mitochondria, p53, and the nucleus is implicated in several
disease conditions. Taken together, p53 is important in regu-
lating T-cell maturation and proliferation, but the p53-
induced expression of mitochondrial ROS in primary T cells
warrants further research.

3. Forkhead transcription factors of class O. Forkhead
transcription factors are well known for their role in main-
taining immune system function (39, 212). Recent data have
highlighted the role of the forkhead transcription factors of
class O (FoxO) in oxidative stress and in differentially regu-
lating persistence of T-cell subsets (49). This study reports that
the Mst1-FoxO-signaling pathway is important in maintain-
ing the survival of naı̈ve T cells by increasing the expression of
downstream antioxidant molecules, such as SOD2 and cata-
lase. As a result of the increase in FoxO-mediated expression
of SOD2 and catalase, T cells are resistant to oxidative-stress-
induced apoptosis.

Riou et al. also demonstrated that survival of ex vivo isolated
TCM is increased, because they are more resistant to both
spontaneous and Fas-induced apoptosis than cells with the
TEM phenotype, resulting in their increased persistence in vitro
(238). Moreover, this study reports that ex vivo TCM express
increased levels of the transcriptionally inactive form of Fox-
O3a (phosphorylated FoxO3a) and decreased levels of the
downstream proapoptotic molecule, Bim. Recent studies have
also demonstrated that TCM are less sensitive to H2O2 in
comparison to TEM (277). Therefore, these results indicate a
role of FoxO3a in redox regulation of T cells and protection
from apoptosis. This type of protective role of FoxO3a is also
implicated during human immunodeficiency virus (HIV) in-
fection, where FoxO3a regulates the survival of central
memory CD4 + T cells during HIV infection (291). Further-
more, FoxO1 and FoxO3a have been shown to regulate the

FIG. 10. Redox regulation of signaling pathway leading to T-cell activation/proliferation. ROS are required for trigering
different signaling pathways, which are required for proper activation and maturation of T cells. MAPK are known to
activate Linker of activated T cells (LAT), which is responsible for TCR engagement. ERK-MAPK forms a negative feedback
loop and represses LAT. NrF2 is required for activation of DCs. NFjB is required for maturation of APCs. FoxO1 is
responsible for maintenance of naı̈ve T cells by regulating L-selectin (CD62L) and CCR7. p38-MAPK is required for T-cell
activation. All the above signaling pathways require ROS for activation. APCs, antigen-presenting cells; ERK, extracellular
signal-regulated kinases; FoxO, forkhead transcription factors of class O; MAPK, mitogen-activated protein kinase; NFjB,
nuclear factor kappa B; NRF2, nuclear factor erythroid-2-related factor 2.
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transcription of p27Kip1, Bim, and L-selectin in response to IL-2
in murine and human T lymphocytes (72, 270). Interestingly,
Kerdiles et al. have demonstrated that FoxO1 regulates the
development of functional Tregs, and that FoxO1 is required
for survival and homing of naı̈ve T cells to secondary lym-
phoid organs (139).

In a recent study, FoxOs were reported to be critical in
regulating cell cycle, in inhibition to apoptosis, and mediators
of resistance to physiologic oxidative stress in hematopoietic
stem cells (HSCs) (282). This is an important finding, since the
results from this study show that there was a marked increase
of ROS in FoxO-deficient HSCs compared to wild-type (WT)
HSCs, which correlates with changes in the expression of
ROS-regulating genes. The importance of the FoxO-signaling
pathway in cellular tolerance to increased intracellular ROS
andmaintenance of peripheral naı̈ve T-cell homeostasis is also
substantiated in other studies (49). Thus, FoxO proteins play
an essential role in regulating physiologic oxidative stress,
and thereby promote enhanced survival of myeloid and
lymphoid cells in response to ROS.

4. Nuclear factor erythroid-2-related factor 2. The nu-
clear factor erythroid-2-related factor 2 (Nrf2) transcription
factor regulates the basal and inducible expression of a wide
array of antioxidant genes. In a recent study, regulation of the
cellular redox level and Th1/Th2 balance was shown to pro-
tect against the development of pulmonary fibrosis in a pre-
clinical model of pulmonary fibrosis where C57BL/6 mice
and Nrf2-deficient mice were administered bleomycin in-
tratracheally (140). Similarly, the absence of Nrf2 has been
shown to exacerbate experimental autoimmune encephalo-
myelitis, suggesting that activated Nrf2 attenuates autoim-
munity and proinflammatory conditions (126). Comparisons
of disease severity in WT and Nrf2 knockout mice after im-
munization with myelin oligodendrocyte glycoprotein
(MOG) 35–55 revealed that the clinical progression of the
disease is marked by rapid onset and increased severity in the
Nrf2 knockout mice. In addition, in the Nrf2-deficient mice,
increased immune cell infiltration and glial cell activation in
the spine were observed in conjunction with increased levels
of expression of inflammatory enzymes (inducible NO syn-
thase [iNOS], phox-47, gp91-phox, and phox-67), cytokines
(IFN-c, IL1-b, tumor necrosis factor [TNF]-a, and IL-12), and
chemokines (B lymphocyte chemoattractant [BLC] and
monokine induced by IFN-c [MIG]). These results further
substantiate that Nrf2 can modulate an autoimmune neu-
roinflammatory response by regulating proinflammatory
enzymes, the pro-oxidant enzymes.

Nrf2 can also modulate the T-cell response by regulating
oxidative stress-induced activation of dendritic cells. A recent
study suggested that disruption of the transcription factor
Nrf2 in dendritic cells leads to increased oxidative stress, and
in response to allergic, airborne pollutants, a Th2-like immune
response is elicited in these Nrf2-deficient dendritic cells (305).
Nrf2 deficiency has been further implicated in the decline of
Th1 immune response in the course of aging (141). Moreover,
the observed decrease in Th1 immunity in aged mice could be
restored by administering either an Nrf2 agonist, sulfor-
aphane, or a thiol precursor, L-NAC. Mechanistic studies
using Nrf2-deficient T cells suggest that Nrf2 deficiency en-
hances the sensitivity to Fas-mediated apoptosis by regulat-
ing the intracellular levels of GSH, a major intracellular

antioxidant (194). Taken together, these studies suggest that
Nrf2 regulates T-cell immunity by fine-tuning the redox
equilibrium.

B. Mitogen-activated protein kinases

1. c-Jun N-terminal kinase. Recent research has sug-
gested that ROS and RNS act as signaling molecules in the
activation of JNK, commonly known as stress-activated pro-
tein kinase, leading to apoptosis (262). While it is known that
CD3 and CD28 co-stimulation is required for JNK activation,
IL-2 production (64), and IL-2 gene transcription in Jurkat cells
(human CD4 + T cell line) (184), recent studies have demon-
strated that JNK signaling is important for Teff cell function,
but not for naı̈ve T-cell activation (64). Furthermore, reports
by Dong et al. showed that T cells isolated from JNK1 and
JNK2 knockout mice can be stimulated to produce IL-2, but
they cannot functionally differentiate into Th1 and Th2 line-
ages (63, 315). Pani et al. also demonstrated that treatment of T
cells with the mitogen concanavalin-A (ConA) upregulates
ROS and JNK, whereas use of L-NAC (a ROS scavenger) in-
hibits ConA-stimulated thymocyte proliferation and JNK
upregulation (216). Therefore, JNK may play an important
role in redox signaling.

Earlier studies from our group have also shown that T cells
reactive to melanoma epitope MART-127–35 and influenza
matrix protein MP58–66 have increased JNK phosphorylation
when reactivated with a cognate epitope (207). Moreover, this
upregulation in JNK phosphorylation is inhibited when T
cells are pretreated with a superoxide dismutase (SOD) mi-
metic Mn (III) tetrakis (5,10,15, 20-benzoic acid) porphyrin
(MnTBAP). Inhibition of ROS also rescues these antigen-
specific T cells from TCR restimulation-induced cell death,
suggesting that ROS inhibitors prevent AICD in primary
CTLs by blocking JNK activation. Thus, JNK has a crucial role
in the signaling cascade leading to T-cell activation and pro-
liferation in response to immunogenic stimuli.

2. Extracellular signal-regulated kinases. It is known
that extracellular signal-regulated kinase (ERK) signaling
plays an important role in the early phase of naı̈ve T-cell ac-
tivation and positive selection of T cells (1, 55). Furthermore,
MAPK has been identified as a critical regulator of CD95/
Fas-mediated apoptosis in T cells (110). CD95/Fas-mediated
apoptosis is important in the negative selection of T-cell de-
velopment and in later stages of T-cell activation when acti-
vated T cells are no longer needed and are now triggered to
undergo CD95/Fas-mediated AICD. Koike et al. have re-
ported that ERK activation plays a critical role at late stages
(after 2 h of activation) of T-cell activation, and that ERK2 has
specific functions in the activation, proliferation, and survival
of CD8 + T cells (146). As suggested by D’Souza et al., ERK2 is
required for proliferation of activated CD8 + T cells without
co-stimulation and is responsible for increased T-cell survival
(55).

Using a Zap-70-deficient Jurkat T cell line (P116) in their
studies, Griffith et al. found that Zap-70 is required for the
H2O2-induced activation of ERK in T cells (90). However, they
also reported a Zap-70-independent pathway for activation of
ERK. TCR activation of T cells has also been shown to activate
ERK within 15min, and moreover, low concentrations of
H2O2 may be required for proper ERK activation (61). Thus,
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low concentrations of ROS may positively regulate ERK ac-
tivation, and higher concentrationsmay negatively affect ERK
signaling in T cells.

3. p38-MAPK. The p38-MAPK kinase pathway is acti-
vated in response to numerous cellular stress stimuli and
cytokines. Known for its ability to induce apoptosis, p38-
MAPK can regulate the cells’ survival signals in response to
external stimuli. For example, cellular stress such as DNA
damage can elicit a survival signal where p38-MAPK can
regulate the G2/M and G1/S cell cycle checkpoints (280). In
response to treatment with UV radiation or a DNA-damaging
agent (8-MOP), the p38-MAPK pathway was activated in
Jurkat T cells, suggesting that p38-MAPK is important for T-
cell survival (38). Several studies also show that the p38-
MAPK pathway is responsible for differentiation of naı̈ve
CD4 + T cells into effector cells. It may also be responsible for
Th17 subset differentiation (208). Moreover, it is also required
for the production of IFN-c from CD8 + T cells (237). One
study has suggested that T cells infected with Vibrio vulnificus
undergo cytotoxic cell death by a p38-mediated production of
ROS (143). Jurkat T cells that are exposed to a pathogenic
bacterium, V. vulnificus, require NOX, which induces the
production of ROS, thereby leading to the death of the in-
fected T cells. This substantiates the role of p38-MAPK in ROS
production in infected T cells.

V. Key Molecules in Redox Regulation

To protect against oxidative damage, cells have developed
an antioxidant defense mechanism that maintains cellular
redox homeostasis. Many antioxidant molecules have been
identified to regulate the redox status of a cell and play a
major role in regulating immunological functions (Table 2).
Under conditions of endogenous or exogenous oxidative
stress, the altered expression of thesemolecules affects cellular
function. We briefly introduce these molecules with reference
to T cells in the following section and further discuss their role
in specific diseases in section VII.

A. Antioxidant/redox proteins

1. Superoxide dismutase. SOD may protect cells from
oxidative damage by catalyzing the dismutation of two
molecules of superoxide anion into water and H2O2. SOD has

three known isoforms: SOD1, SOD2, and SOD3. While cop-
per/zinc SOD (Cu/ZnSOD or SOD1) is present in the cyto-
solic fraction, manganese superoxide dismutase (MnSOD or
SOD2) is located in the mitochondrial fraction, and SOD3 is
extracellular (101). Based on studies using transgenic mice,
mutations in the SOD1 gene have been shown to be associated
with the familial form of amyotrophic lateral sclerosis (ALS),
suggesting that SOD1 is important in preventing oxidative-
stress-associated diseases (121). In contrast, using a tetracy-
cline-inducible system, Zou et al. were able to show that the
extracellular form of SOD (SOD3) is important in preventing
oxidative-stress-induced diseases and injuries (327). In this
section, we will focus on the role of SOD2 in protecting cells
from oxidative-stress-induced damage.

SOD2 functions primarily to protect mitochondrial com-
ponents from superoxide anions, which are liberated as a
normal byproduct of respiration. Mitochondrial Complex I
and Complex III are estimated to produce superoxide anions
from about 1%–5% of oxygen consumed as a consequence of
normal respiration. MnSOD is the cell’s primary defense
mechanism against free radical-mediated damage and is
important in regulating oxidative and apoptotic signals
(217). Another study has suggested that overexpression of
the human MnSOD transgene in hematopoietic progenitor
cell line 32D cl3 cells and other cell lines results in stabili-
zation of the mitochondria and reduction in radiation-, TNF-
a-, or cytokine withdrawal-induced cell death (70). Thus,
MnSOD stabilizes the mitochondrial membrane and reduces
apoptosis. The experimental data from our laboratory also
show that preincubation of CTLs with an antioxidant SOD
mimetic, MnTBAP, protected CTLs from AICD (207). Of
note, we have found that several other antioxidants
(MnTPyP, Tyron, and D1417) also protect the CTLs from
AICD.

Furthermore, based on the results of a study using a T-cell-
specific manganese SOD2 conditional knockout mouse,
SOD2-KO leads to increased O2

�
- production, apoptosis, and

developmental defects in the T-cell population, resulting in
immunodeficiency and susceptibility to the influenza A virus
H1N1 infection (40). This phenotype was rescued with mito-
chondrial-targeted superoxide-scavenging drugs. These
findings demonstrate that the loss of regulated mitochondrial
superoxide production leads to aberrant T-cell development
and function, and further suggests that manipulations of

Table 2. T-Cell and Role of Antioxidant Molecules

No. Antioxidants Protein name Antioxidant role in T-cell regulation Reference

1 GSH Glutathione Tregs block GSH redistribution from the nucleus to
the cytoplasm in Teff cells

(314)

2 GST s-S-Transferase Activator protein-1 induction by GST gene expression
alters intracellular oxidative stress

(224)

3 GCLC Glutamate–cysteine
ligase catalytic subunit

Mitogen activation leads to: (300)
Upregulated GCLC catalytic subunit
Depletion of GSH

4 GCLM Glutamate–cysteine
ligase, modifier subunit

Mitogen activation leads to increased GCLM catalytic subunit (300)

5 GLUT1 Glucose transporter 1 Induced upon TCR activation (274)
6 TRX Thioredoxin Overexpression blocks NFjB activation by H2O2. (148)

Induces IL-2R expression on T cells

NFjB, nuclear factor kappa B; TCR, T-cell receptor; Treg, regulatory T cell.
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mitochondrial superoxide may significantly alter clinical
outcomes resulting from viral infections.

2. Glutathione peroxidase. GPX is an important group of
antioxidants responsible for reducing peroxides. Their im-
portance arises from their ability to protect cells from ROS-
induced damage to lipids, proteins, and nucleic acids (226).
This type of protective effect is seen in vitro and in vivo, where
GPX1 is responsible for reduction of ROS production in cells
after TCR activation and also protects cells from ROS-induced
apoptosis (306). A recent study demonstrated that GPX1-de-
ficient CD4 + T cells producedmore intracellular ROS and IL-2
than WT cells. Moreover, the study also showed that the
GPX1-deficient CD4 + cells have a greater proliferation rate
than the WT cells. In support of the pivotal role of GPX in
protecting cells fromROS-induced apoptosis, studies using an
8E5 HIV-infected human T-cell line have suggested that these
cells are more susceptible to H2O2-induced apoptosis as a
result of catalase and GPX deficiency (306). GPX1-deficient
cells exhibit Th1 phenotype when exposed to TGF-b and IL-6,
anti-IL-4 antibody, and anti-IFN-c antibody, therefore sup-
pressing the Th2 and Th17 phenotype of these cytokine-
treated cells. Thus, these results show that deletion of GPX1
skews the phenotype of T cells toward the Th1 phenotype by
suppressing Th2 subset development. Therefore, GPX1 is
important not only for reducing intracellular ROS accumu-
lation but also for regulating Th1 cell proliferation and dif-
ferentiation.

3. NADPH oxidase. NOX, a membrane-bound enzyme
complex made up of six subunits, is a major source of ROS
that participates in signal transduction of nonphagocytic cells.
Recent studies have demonstrated the important role of NOX
in shaping Th responses and as a signaling intermediate to
modulate Th17 and Th1 cell responses (286). Upon CD3 and
CD28 activation, T cells from NOX-deficient mice were pri-
marily of the Th17 phenotype, whereas NOX-intact cells dif-
ferentiated into the Th1 phenotype. Corroborating evidence is
seen in a study by Purushothaman et al., where mice deficient
in theNOX catalytic subunit gp91(phox) demonstrated gp91’s
role as an important regulator of T-cell function (228).

Briefly, IL-2 withdrawal results in a significantly reduced
level of apoptotic cell death of gp91(phox)-deficient T (T-/- )
cells as compared to the WT T cells (T +/ + ). That is, gp91
(phox)-deficient T cells are resistant to apoptosis. Further-
more, activated T-/- cells displayed improved survival after
activation by superantigens in vivo, where in vitro activated
T-/- cells were adoptively transferred into congenic hosts.
Thus, NOX is an important regulator of adaptive immunity.
Mechanistic studies have shown that NOX-derived ROS di-
rect Treg-mediated suppression of CD4 + Teff cells, a process
that is subject to inhibition by thiol-containing antioxidants,
NOX inhibitors, or neutrophil cytosolic factor 1 (Ncf1)
(p47phox) -deficient Tregs and Teff (68). Thus, NOX play an
important role in T-cell susceptibility to ROS and modulate
T-cell function.

4. Catalase. Catalase is an important antioxidant en-
zyme responsible for conversion of H2O2 to H2O and O2. The
antioxidant and protective functions of catalase in T-cell
lines (CCR-CEM acute lymphoblastic leukemia [ALL] cell
lines) have been previously demonstrated (252). Recently,

catalase has been identified as a critical factor for main-
taining activated T cells at high density during ex vivo ex-
pansion of T cells in adoptive T-cell immunotherapy (168).
This study highlighted the importance of cell density in T-
cell activation, proliferation, survival, and apoptosis in ex
vivo cultures. In addition, the study implicated a role for
increased catalase secretion in high-cell-density culture su-
pernatants that were able to rescue oxidative stress-
mediated, activated T-cell death. The importance of catalase
in protecting T cells from ROS was further substantiated in
a recent study where T cells transduced with catalase, using
a retroviral vector, enhanced the survival of CD4 + T cells
under oxidative stress (11). Taken together, these results
show that catalase is an important modulator of T-cell-
mediated immunity.

5. Glutathione and cell surface thiol. GSH, a nonprotein
thiol, acts as an antioxidant and prevents cellular damage
from ROS. The synthesis of GSH in cells may be disrupted
during aging and under pathologic conditions such as dia-
betes mellitus (251) and cystic fibrosis (37). Apoptotic stimuli
result in the decrease of cellular GSH, generation of ROS, and
RNS, and is important in downstream signaling involving the
Fas ligand (75). Maintaining optimal GSH levels in the cellular
microenvironment is critical, as its depletion may lead to the
progression of certain diseases, including HIV (246) and ar-
thritis (81, 116). The GSH level has been shown to decrease
as HIV disease progresses, and low GSH in subjects with
advanced HIV disease predicts poor survival and impaired
T-cell function. These studies suggest that the decreased
production of ROS is associated with an increased number of
reduced thiol groups on the T-cell surface, thereby modifying
T-cell function in an immune response.

Interestingly, our data show that the TEM subset (known to
be more sensitive to AICD or apoptosis) expressed less cs-SH,
while the T-cell subset with TCM phenotype (relatively resis-
tant to AICD or apoptosis) expressed more cs-SH (unpub-
lished observation). Furthermore, a decrease in the percentage
of T cells with reduced thiols is noticeable after treatment with
increasing dose of H2O2 along with a concomitant decrease in
the number of viable cells, as seen in the scatter plot (Fig. 11).
These data suggest that the high cell surface thiol-bearing cells
would survive better in an oxidative microenvironment, and
thiol levels on T cells could play an important role in T-cell
persistence and immune outcomes.

6. Thioredoxin. TRXs are a large family of proteins with
cysteine-containing redox-active centers that are important
mediators of scavenging H2O2 (235). TRX has been shown to
protect lymphoid cells from apoptosis by its peroxide-
scavenging activity (120). In a recent study, 28 children with
T-cell acute lymphoblastic leukemia (T-ALL) were evaluated
for total lymphocyte count, and the results suggested that a
higher lymphocyte count is associated with higher level of
TRX expression in T-ALL patients. Moreover, exogenous
treatment with TRX increased proliferation of lymphocytes
in vitro, suggesting that TRX is important in T-cell prolifera-
tion (261). Our recent work shows that CD8 + cells cultured in
presence of IL-15 increase ROS and TRX1, therefore increasing
T-cell survival (138). Another study illustrated that Tregs
produce higher amounts of TRX, which may result in in-
creased tolerance to oxidative stress (196). Therefore, TRX
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expression in response to oxidative stress is important for
T-cell function and survival.

7. Vitamins. Vitamins are important nonenzymatic anti-
oxidants that play an important role in immunological re-
sponses (Table 3). A recent report suggests that vitamins play
an important role not only in normal growth but also in
strengthening immunological responses (170). For example,
b-carotene, a precursor of Vitamin A, is known to enhance
production of IL-2 and IFN-c in T lymphocytes in an in vivo
model system (312). Vitamin A and D are required for proper
homing of T cells to the gut and skin, respectively (182). DCs

in the gut-associated lymphoid organs produce enzymes to
convert Vitamin A to retinoic acid, which induces the surface
expression of the T-cell gut-homing receptor, CCR9 (119).
However, retinoic acid suppressed the expression of the skin-
homing receptors, CCR4, E-lig, and P-lig. Similarly, DCs in
the skin draining lymph nodes have the ability to convert
Vitamin D to 1,25(OH)2D3, where 1,25(OH)2D3 is known to
induce the expression of the skin-homing receptor, CCR10
(264). Interestingly, Vitamin D and the Vitamin D receptor
(VDR) are important for a TCR response to antigen stimula-
tion. VDR is highly expressed on active T cells, whereas naı̈ve
T cells do not express VDR (298). Induction of VDR expression
and phospholipase C isoenzyme is required for T-cell sig-
naling and activation. Vitamin D deficiency has been shown
to increase Th17 and Th9 cells and reduce the Treg popula-
tion, thereby promoting autoimmune diseases, such as mul-
tiple sclerosis (MS), type I diabetes, systemic lupus
erythematosus (SLE), and rheumatoid arthritis (RA) (44, 178,
215). Taken together, Vitamin A and D are important for
regulating T-cell-mediated immunity in the gut and skin.

Vitamin C, another important nonenzymatic antioxidant, is
associated with increased production of IL-12 by DCs when
activated with ascorbic acid (AA). Moreover, T cells activated
with AA-treated DCs produce higher amounts of Th1-
polarizing cytokines (IL-2 and IFN-c) as compared to the Th2-
polarizing cytokines (IL-5 and IL-10) (124). Therefore, Vitamin
C can modulate the T-cell responses by increasing Th1 bias.
In addition, in vitro and in vivo studies have suggested that
Vitamin E can enhance IL-2 production, T cell proliferation,
and redistribution of f-chain-associated protein kinase 70
(Zap70) protein–tyrosine kinase, and its substrates (linker of
activated T cells [LAT] and Vav) to immune synapses in aged
mice compared to young mice (177, 191, 307). Zap70, LAT,
and VAV redistribution is involved in downstream signaling
in T cells, which are required for cytokine gene transcription.
Vitamin E has also been shown to be important in neutraliz-
ing the ROS-mediated damage of membrane lipids in age-
associated, impaired CD4 + T cell function. Taken together,
the immune system is enhanced with Vitamin E supplemen-
tation. These studies therefore suggest that vitamins with
antioxidant capacity may be important molecules involved in
redox regulation of T cells.

VI. Web of Redox Regulation Molecules

Redundant pathways that regulate the production of ROS
and RNS are known to exist, and a balance between pro-
oxidant and antioxidant molecules maintains low cellular
oxidative stress. However, due to exogenous factors (pollut-
ants or ionizing radiation) or endogenous factors (inflamma-
tion or chronic viral stimulation), genes that regulate the cells’
susceptibility to oxidative stress are differentially expressed,
leading to pathogenesis.

Recent studies have demonstrated that engagement of the
TCR induces rapid production of ROS (Fig. 12). Moreover,
ROS production modulates T-cell signal transduction and
gene expression (16, 61). Under conditions of normal TCR
activation, T cells contain relatively low-to-moderate levels of
ROS (61, 105). Since ROS have the ability to diffuse short
distances, they are characterized as small signalingmolecules.
However, a repetitive stimulation of the TCR or stimulation
with a high dose of antigen, or exposure to H2O2, could

FIG. 11. Reduction in cell surface thiols in cells undergo-
ing H2O2-induced apoptosis. Human T cells were exposed to
different concentrations of hydrogen peroxide (H2O2), and cell
surface thiols were measured using ALM-633 dye (Invitrogen)
by flow cytometry. Briefly, cells were incubated with 5lM
ALM-633 for 15min on ice. Cells were washed with cold
phosphate buffered saline, labeled with antibodies against cell
surface markers, and analyzed by flow cytometry. Left panel
shows forward- and side-scatter plot with numerical values
representing the percent of gated live cells. Right panel shows
the cell surface thiols on gated cells.
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increase ROS concentrations, leading to T-cell hyporespon-
siveness or death (106). Furthermore, data from other cell
types have suggested that ROS could promote either apo-
ptosis or necrosis, depending upon the amount of cellular
ROS (74, 326). Abundant ROS promote lipid peroxidation
(LPO), macromolecular damage, and necrotic cell death, and a
decreased amount of ROS promotes changes in cell signaling
and cell function (131).

Interestingly, T cells activated in vivo and subsequently
cultured briefly in vitro exhibit features of necrosis (i.e.,
rapid membrane permeability) and apoptosis (i.e., caspase-
dependent DNA fragmentation and nuclear condensation)
(292). When viewed under an electron microscope, these ac-
tivated T cells clearly exhibit many of the hallmarks of apo-
ptosis (i.e., nuclear condensation, cell shrinkage, and loss of
the nuclear membrane) (292). Notably, all of these cell death

characteristics (both apoptotic and necrotic) can be prevented
by culture with antioxidants, thereby suggesting a role for ROS
in different forms of cell death (105, 252, 254). However, the
molecular mechanisms that regulate T-cell fate and down-
stream signaling upon ROS exposure are largely unknown and
are currently major topics of interest in T-cell research.

The mitochondrion is a primary source of cellular energy
and ROS, and is functionally important in regulating CD8 + T
cell activity (318). When transgenic CD8 + T cells were in-
cubated with increasing doses of rotenone (an electron
transport complex I inhibitor used to block mitochondrial
function), production of H2O2, calcium flux, and ERK1/2
phosphorylation were decreased within minutes of T-cell
activation. Failure to undergo signal transduction resulted
in decreased T-cell division initiated by peptide-coated
cells, CD3/CD28 Abs, and PMA/ionomycin stimulation.

FIG. 12. Web of redox regulation and potential targets for T-cell therapy. Various molecules that interact with each other
at some stage to regulate oxidative stress are shown. Dark arrows indicate well-known pathways; dotted arrow shows path-
ways relatively unstudied. Thick dark arrows show possible targets that may be deployed in T-cell adoptive therapy (SOD,
NF(B, CAT, and iNOS). Activation of T cell with antigen when presented with MHC (present on an APC) produces ROS and
superoxide by the NADPH oxidase (NOX) system and activates NF(B. NF(B activates the transcription of various genes such
as Th1 cytokines and Fas ligand (FasL). The mitochondria and the cytoplasm have superoxide dismutase (SOD2 and SOD1,
respectively), which metabolizes superoxide to peroxide (H2O2), and CAT converts it to nonharmful products (H2O and O2).
H2O2 is also known to damage DNA; however, it may downregulate cFOS and BCL2 by unknown mechanisms. It also
activates various signaling pathways such as MAPK, p38-MAPK, and ERK-MAPK. Superoxide also forms peroxynitrite
radicals (ONOO

_
) that may upregulate formation of the EGF receptor (EGFR) by phosphorylation of various protein kinases

(MAPK, ERK, p38, and JNK). CAT, catalase; iNOS, inducible NO synthase; JNK, c-Jun N-terminal kinase; MHC, major
histocompatibility complex; NADPH, nicotinamide adenine dinucleotide phosphate-oxidase.
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Decreased function after rotenone incubation was not pheno-
type specific. That is, naı̈ve, effector, andmemory CD8+ T cells
exhibited decreased production of both IFN-c and TNF-a
after peptide stimulation. Furthermore, incubation with
rotenone decreased degranulation of effector and memory
cells, a critical step in the cytolysis of infected cells. These
data suggest that electron transport complex I is required for
CD8+ T-cell function.

Moreover, activation of T cells is associated with an in-
crease in ROS and an increase in the level of reversible cys-
teine sulfenic acid production. Reversible cysteine sulfenic
acid is a reactive oxygen intermediate (ROI), which is im-
portant in the formation of disulfide bonds and GSH conju-
gation, suggesting that reversible cysteine sulfenic acid is an
important ROI in regulating multiple cell-signaling processes
associated with T-cell activation (188). Analysis of specific
proteins revealed that the protein tyrosine phosphatases
SHP-1 and SHP-2, as well as actin, underwent increased
sulfenic acid modification after TCR stimulation. Subsequent
experiments revealed that the reversible formation of cyste-
ine sulfenic acid was critical for ERK1/2 phosphorylation,
calcium flux, cell growth, and proliferation of naı̈ve CD8+ and
CD4+ T cells. Inhibition of reversible cysteine sulfenic acid
formation decreased TNF-a production more than IFN-c. Ta-
ken together, these results suggest that reversible cysteine
sulfenic acid formation is an important regulatory mechanism
by which CD8+ T cells can modulate signaling, proliferation,
and function.

Analysis of individual intracellular signaling molecules in
the redox state has demonstrated the importance of redox
regulation of signaling molecules in vivo. In addition to AP-1
and NFjB, the binding of several transcription factors is
modulated by redox status, including c-Myb (199) and p53
(96), JNK (Jun NH2-terminal kinase)/SAPK (stress-activated
protein kinase) (104) and MAPK/ERK (244), and src family
PTK kinase, such as Lck (100). Our group recently identified a
role for ROS in regulating T-cell death upon repetitive TCR
stimulation (207). We have demonstrated that an SOD mi-
metic compound, MnTBAP, protects MART-127–35-specific
CTLs from AICD without interfering with the IFN-c response
and without inhibiting JNK phosphorylation (207). Other
studies have also shown that mitochondria have a role in
ROS-mediated upregulation of FasL (92). While ROS are
known to participate in AICD regulation by induction of
CD95L expression, the mechanism and signal transduction
pathways necessary for ROS-induced AICD are still areas of
intense research. Kaminski et al. have shown that the proximal
TCR-signaling machinery, including Zap70, LAT, SH2 do-
main-containing leukocyte protein of 76 kDa (SLP76), phos-
pholipase Cgamma1 (PLCgamma1), and protein kinase C
theta (PKC-theta), are crucial for ROS production (128).
Kaminski et al. (128) further report that PKC-theta is translo-
cated to the mitochondria and suggest that PKC-theta-de-
pendent ROS generation by mitochondrial complex I is
essential for inducing AICD. Furthermore, in cells depleted of
mitochondrial DNA, mitochondria were identified as the
source of activation-induced ROS (128). Briefly, inhibition of
the mitochondrial electron transport complex I assembly by
siRNA-mediated knockdown of the chaperone NDUFAF1
blocked ROS production. This signal was found to be essential
for CD95L expression, where inhibition of complex I assembly
by NDUFAF1-specific siRNA prevents AICD.

Interestingly, studies indicate a role ofMnSOD inactivation
during Fas (CD95)-mediated apoptosis in Jurkat T cells (217).
This study illustrated that after oligomerization of the Fas
receptor, MnSOD is selectively degraded during apoptosis. In
the presence of cycloheximide, an inhibitor of protein syn-
thesis, the cell death rate and MnSOD degradation were ac-
celerated. MnSOD cleavage was partially inhibited in the
presence of the pan-caspase inhibitor, z-VAD-fmk, suggesting
that caspases may mediate cellular protection by stabilizing
antioxidant enzymes and thereby controlling oxidative stress
(217). Therefore, functional MnSOD is important in regualting
oxidative-stress-mediated apoptosis of T cells.

T cells also have the capacity to generate NO upon antigen
stimulation, which may affect signal transduction, Fas ligand
surface expression, and apoptotic cell death of mature T
lymphocytes. The involvement of iNOS in the generation of T-
lymphoctye-derived NO and its role in inhibiting T lympho-
cyte proliferation have been documented (108, 135). Vig et al.
have shown that iNOS production in activated T cells regu-
lates T-cell death and immune memory (295). Thus, it has
become clear that iNOS activity also regulates the develop-
ment, differentiation, and/or function of T cells and B cells
and also affects natural killer (NK) cells (30). The role of NO in
mediating T-cell cytokine production and signal transduction
in histidine decarboxylase knockoutmice (HDC-KOmice) has
also been recently documented (147). In the HDC-KO mice,
with a defect in endogenous histamine production, an in-
crease in IFN-c mRNA and protein expression levels of sple-
nocytes was reported to be associated with a significant
increase (2.5-fold) in NO production, compared to the WT
animals. Furthermore, histamine treatment decreased NO
production from both WT and HDC-KO mouse T lympho-
cytes. These results indicate that, in addition to its direct ef-
fects on T-lymphocyte function, histamine regulates cytokine
production and T-cell signal transduction through its effects
on NO production.

While these observations describe causes and effects of
various ROS species, it should also be noted that the quanti-
tative and qualitative effects of ROS are affected by other
factors that include age, gender, ethnicity (linked to gene
polymorphism of antioxidant genes), external environment,
and degree of inflammation. These factors form a complex
web that regulates the susceptibility of an individual to oxi-
dative-stress-mediated diseases.

VII. Role of Redox Regulation in Human Diseases

As discussed in previous sections, ROS are essential for
efficient and proper execution of a large number of cellular
processes, including signaling induced by exogenous factors.
However, ROS are highly reactive, where excessive and pro-
longed ROS production, disturbance in redox regulators, or
an imbalance in the expression of antioxidant enzymes can
considerably damage cellular constituents. Thus, ROS balance
is implicated in the onset of various diseases (Fig. 13). How-
ever, this review focuses on diseases related to T-cell patho-
genesis arising from direct effects of a pro-oxidant
microenvironment.

A. Autoimmune disorders

1. Rheumatoid arthritis. RA is a common autoimmune
disease characterized by chronic inflammation of the synovial
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joints, where T cells have a defined role in the pathogenesis
of this disease (73). While the exact mechanism of ROS-
associated RA has not been established, recent studies suggest
that oxygen free radicals play an important role in such
chronic inflammatory diseases (213). Based on studies using
animal models for human RA, Olofsson et al. demonstrated
that a polymorphism in the Ncf1 ( p47phox) gene leads to re-
duced oxidative burst and increased activation of arthrito-
genic T cells, thereby increasing the severity of arthritis (211).
Furthermore, NOX2-derived ROS can suppress antigen-
dependent T-cell reactivity and reduce the severity of the
disease in animal models (82, 189). Interestingly, an oxidative
burst-inducing pharmaceutical compound known as phytol
(3,7,11,15-tetramethyl-2-hexadecene-1-ol) has been used to
treat arthritis-prone Ncf1DA rats (115). The investigators in
this study propose that the higher oxidative burst by phago-
cytes may lead to apoptosis of autoreactive arthritogenic T
cells in this model of RA. Increased concentrations of ROS
activate phagocytes, and activated phagocytes are known to
increase the overall production of TNF-a and IL-1b. These
cytokines are then responsible for activation of NFjB (197).
The resulting constitutive feedback loop leads to the activa-
tion of NOX-signaling pathways, increased oxidative stress,
and cytokine production. This attracts leukocytes, memory T
cells, macrophages, and other inflammatory cells in synovial
joints, leading to degradation of cartilage and bone. The high
oxidative stress levels in the synovial fluid of RA patients lead
to the hyporesponsiveness of the T cells in the synovial fluid in
these inflamed joints (91). This finding was later demon-
strated to result from oxidative-stress-mediated membrane
displacement of a protein called LAT. Proper anchorage of
LAT and the activation of T cells were seen upon supple-
menting the cell with GSH. Furthermore, persistent ROS
production in RA synovial fluid T cells is associated with Ras
and Ras-proximate-1 (Rap1)-signaling proteins (233). These
signaling molecules play an important role in T-cell stimula-
tion. It was demonstrated that activation of Ras is necessary

for intracellular ROS production, while activation of Rap1 can
block Ras-dependent ROS production. These studies suggest
that impaired redox regulation of synovial fluid T cells may be
associated with the pathogenesis of RA.

2. Systemic lupus erythematosus. SLE is an autoim-
mune disease characterized by acute and chronic inflamma-
tion of various tissues, prominently the kidneys, skin, joints,
or the central nervous system. SLE mainly occurs due to
production of autoantibodies due to an imbalance in cytokine
secretion and antioxidant molecules in SLE patients (15). In-
terestingly, ROS-modified IgG has been associated with the
induction of circulating SLE autoantibody where neoepitopes
elicit an immune response in SLE patients (7). Other studies
have suggested that increased endogenous NOS (201), re-
duced oxidative burst (58), and decreased expression of SOD,
catalase (CAT), andGSH (260) could potentially lead to T-cell-
mediated immune responses in SLE. Earlier studies have
demonstrated that oxidative stress leads to the down-
regulation of TCR f-chain expression in patients who have
undergone surgery (117). This type of oxidative stress-
induced downregulation is seen in T cells isolated from SLE
patients (83, 84). While it is known that the f-chain is impor-
tant for TCR signaling and activation, lower GSH levels, ele-
vated levels of ROS, subsequent T-cell activation, together,
lead to prolonged mitochondrial hyperpolarization and ATP
depletion in SLE. Furthermore, decreased expression of f-
chain and low levels of GSH prevent the regeneration of f-
chain in SLE T-cells. Taken together, these fundamental
studies in TCR signaling suggest a critical role of oxidative
stress-induced downregulation of TCR signaling via mito-
chondrial transmembrane potential regulation in SLE pa-
tients.

3. Type 1 diabetes. Type 1 diabetes is an autoimmune-
induced disease in which T cells recognize pancreatic b-cell
antigens and initiate leukocyte infiltration. The ROS

FIG. 13. Various human disor-
ders and effected antioxidant sys-
tems. Based on recent reports, a
deficiency in the antioxidant system
can lead to increased susceptibility
to certain diseases and disorders.
The diagram shows different hu-
man disorders such as carcinoma,
leukemia, cardiovascular diseases,
neurological disorders, and auto-
immune disorders that are associ-
ated with a deficiency in redox
regulators such as SOD, CAT, TRX,
and GSH. TRX, thioredoxin.
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generated by the initial insult to the islets stimulate the acti-
vation of redox-dependent NFjB and other transcription
factors. This stimulation leads to an increase in the production
of proinflammatory cytokines, such as TNF-a, IL-1b, and
ROS, which eventually damage the pancreatic b-cells. More-
over, innate derived ROS are critical for T-cell activation, as
they stimulate production of these cytokines fromAPCswhile
enhancing T-cell proliferation and activation (285). Therefore,
oxidative stress has a high impact in the development of type
1 diabetes. Moreover, there are several other factors associ-
ated with the etiology of type 1 diabetes, including environ-
mental factors, genetic susceptibility, deficiency, and diet.

Islets contain low levels of antioxidant enzymes such as
SOD1, GPX1, and CAT, suggesting that pancreatic b-cells are
highly susceptible to oxidative stress (156). Adoptive transfer
of the diabetogenic T-cell clone (BDC-2.5) has been shown to
induce diabetes in young NOD-SCID mice, which can be
delayed or prevented altogether by treating the recipient mice
with the SODmimic AEOL-10113 before the adoptive transfer
of the BDC-2.5 clone (223). Therefore, this study supports the
finding that the pancreatic b-cells are highly susceptible to
oxidative-stress-induced apoptosis. Moreover, oxidative
stress has been shown to induce diabetes-associated vascular
dysfunction leading to diabetic nephropathy, retinopathy,
and cardiomyopathy (85, 278). Thus, modulating ROS can
serve as an important therapeutic tool to treat type 1 diabetes
and its vascular complications.

B. Cardiovascular disorders

1. Atherosclerosis. Atherosclerosis is a cardiovascular
disease marked by chronic inflammation of the blood vessels.
Oxidative stress and inflammation result in the infiltration of
activated inflammatory cells from the coronary circulation
into the arterial wall, leading to the pathogenesis of athero-
sclerosis (25). It is known that accumulation of low-density
lipoprotein (LDL) on the internal membrane of arteries (inti-
ma) and prolonged oxidative modification of LDL molecules
by ROS lead to formation of atheroslerotic lesions. Oxidative
modification of LDL can initiate an inflammatory response
(99). Ammirati et al. have recently reported a significant cor-
relation between increased circulating TEM and the generation
of atherosclerotic lesions and high LDL production (9). Acti-
vated T cells are known to contribute to the proinflammatory
components of atherosclerosis. Ammirati et al. suggest that
TEM are responsible for atherosclerotic lesions (9). These au-
thors further suggest that TEM subsets that express HLA-DR,
CXCR3, and CCR5 are recruited into the atherosclerotic pla-
ques. Frostegard et al. demonstrated that exposing monocytes
and T cells to oxidized LDL for 72 h leads to an increase in IL-2
receptor expression and DNA synthesis (78). The results in-
dicate that oxidized LDLmay inducemigration ofmonocytes,
thereby leading to the formation of atherosclerotic plaques.
Based on murine in vitro and in vivo studies, elevated homo-
cysteine (Hcy) levels were thought to be an independent risk
factor for atherosclerosis (321). The autooxidation of Hcy-
generated ROS significantly promoted ConA-induced prolif-
eration and partially inhibited apoptosis of cultured, activated
mouse splenic T lymphocytes. Furthermore, the in vivo studies
using ApoE-knockout mice, with hyperhomocysteinemia,
have significant T-cell proliferation in response to ConA and
increased intracellular ROS. These data suggest that oxidative

stress is involved in the chronic inflammatory progression of
atherosclerosis and suggest that ROS production is a key
factor in the progression of cardiovascular diseases.

2. Cerebral ischemia/stroke. A stroke is an interruption
of the blood supply to any part of the brain leading to the
rapid loss of brain function. Oxidative state plays a key role in
the regulation and control of numerous signal transduction
pathways in neurons (53, 198). Microglial cells and astroglial
cells are direct effector cells of the CNS. Several studies
present evidence that activated microglial cells, in response to
ischemia, have the potential to release several proin-
flammatory cytokines such as TNF-a, IL-1b, and IL-6, as well
as other potential cytotoxic molecules, including NO and ROS
(167). IL-1-induced inflammation initiates the expression of
chemokines CXCL1 and CXCL2 (181). Moreover, these che-
mokines may cause the infiltration of neutrophils. A recent
study has identified infiltration of interleukin-17-producing
cd T cells 3 days after the onset of ischemia in a mouse model.
The study also demonstrates that blocking T-cell infiltration
reduced the infract size (263). Moreover, Liesz et al. have in-
dicated that Tregs may delay brain damage after stroke (159).
It is well known that hypertension is a high risk factor for
stroke-induced death, and recently, a role for T cells in an-
giotensin II-induced hypertension has been proposed by
Guzik et al. (93). Angiotensin II induces T-cell activity,
proinflammatory cytokine production, and infiltration in
perivascular fat. Based on these in vivo studies, angiotensin II
can stimulate peripheral blood T cells to produce TNF-a and
IFN-c as well as express tissue-homing receptors, all of which
lead to the development of hypertension and vascular dys-
function. Hoch et al. have further demonstrated that angio-
tensin II is important in activating T cells, in inducing the
expression of tissue-homing markers, and in producing the
proinflammatory cytokine, TNF-a (107). The researchers fur-
ther suggest that an autocrine loop exists in T cells where
T-cell-derived angiontesin II activates T-cell NOX, thereby
inducing ROS production, and subsequently TNF-a produc-
tion. Therefore, angiotensin II-induced hypertension is asso-
ciated with the accumulation of T cells in perivascular fat, and
moreover with T-cell accumulation in atherosclerotic lesions.
These studies would then suggest that there is an indirect and
direct association of T-cell activity, hypertension, and stroke.
Moreover, deletion of SOD3 in the circumventricular organ
can increase T-cell activation, leading to increased angiotensin
II-induced vascular superoxide production and vascular in-
flammation because of T cell and leukocytein filtration (164).
Therefore, redox regulation of T cell may play an important
role in the pathogenesis of stroke.

C. Cancer and metastasis

The role of ROS in cancer cells has long been suspected, and
growing evidence suggests that cancer cells are under in-
creased oxidative stress in comparison to normal cells. Sza-
trowski et al. and other groups have demonstrated enhanced
ROS production, along with overproduction of antioxidant
enzymes, in cancer cells (267, 275). Moreover, hypoxia-in-
duced ROS production in the tumor milieu is associated with
loss of genomic stability and downregulation of DNA repair
pathways (31). For example, oncogenes c-myc and an allele of
RAS2 (val19) have been shown to induce ROS production in

1516 KESARWANI ET AL.



tumor cells (221). While the oncogenic c-myc increases ROS
production, induces DNA damage, and regulates p53 func-
tion, oncogenic RAS2 constitutively activates the cAMP-PKA
pathway resulting in the increase in ROS production. Tumor-
associated macrophages (TAMs), myeloid-derived suppres-
sor cells (MDSCs), and activated granulocytes produce sig-
nificant amounts of ROS and NO, which leads to oxidative
stress-induced downregulation of immune responses (151,
256, 275). In advanced cancer patients, activation of granu-
locytes and the granulocyte-derived H2O2 is associated with
the systemic T-cell suppression. Increased ROS production is
seen in cancer cells as compared to normal cells, including
primary leukemia cells isolated from patients with chronic
lymphocytic leukemia, CLL (221, 323).

Zhou et al. (323) have further suggested that treating these
cellswith 2-methoxyestradiol, an SOD inhibitor, has a cytotoxic
effect on these cancer cells. This would imply that it would be
beneficial if anticancer therapies are directed to regulate ROS
production in cancer cells, but not in normal cells. For example,
a recent study demonstrates a novel DR5 (TRAIL R-2) mono-
clonal antibody, AD5–10, generates ROS production in Jurkat
leukemia cells. As a result of the ROS production, JNK is acti-
vated, and mitochondrial membrane potential is lost, and in-
tracellular GSH and oxidized glutathione (GSSG) levels are
decreased, and endonuclease G is translocated from the mito-
chondria into the cytosol, all of which lead to the selective
apoptosis of the leukemia cells in vitro (45). Moreover, Jurkat, a
human acute lymphocytic leukemia cell line ( Jurkat T-ALL),
transfected with a dominant-negative (DN) form of JNK (but
not of p38), enhanced NFjB activation, reduced caspase-8 in
death-inducing signaling complexes (DISCs), and reduced
damage to mitochondria, thereby inhibiting AD5–10-induced
cell death in the DN-mutant cells.

The use of pro-oxidants to increase ROS as well as inhibi-
tors of antiapoptotic proteins has been employed to control
tumor growth. Several preclinical and clinical studies have
used inhibitors of the Bcl-2 family of proteins to induce apo-
ptosis in cancer cells by primarily involving themitochondrial
apoptosis pathways (145). Jurkat and HeLa cells transfected
with a tetracycline-regulated Bcl-2 expression system were
used in redox signaling studies to determine the role of Bcl-2,
ROS, and GSH levels in apoptotic signals. Based on the results
presented in this study, ABT-737 (pan-Bcl-2 inhibitor) induces
caspase activation and apoptosis by decreasing GSH levels,
with a concomitant increase in ROS (111). In summary, these
studies validate rational molecular approaches that target
antiapoptotic pathways involving ROS when developing
novel combination therapies for cancer treatment in synergy
with other strategies.

Strategies employed by the tumor cells to evade cell death
include immune tolerance to malignant cells, impaired anti-
gen presentation, tumor-induced immune suppression, neg-
ative co-stimulatory pathways, and dysfunctional TCR
signaling that contributes to the resistance to AICD (230). In
addition to these strategies, recent studies have suggested that
deregulation of critical signaling pathways, in particular
Notch, PI3K/Akt, MAPK, Jak/STAT, and TGF-b, may con-
tribute to T-ALL and T-cell non-Hodgkin’s lymphoma. A re-
cent study identified IL-7 as a survival factor required for
early T-cell differentiation and normal T-cell proliferation
(20). IL-7 induces the activation of the JAK/STAT,MEK/ERK,
and PI3K/Akt signaling pathways in T-ALL cells, where PI3K

signaling is shown to induce Bcl-2 expression, and is required
for the proliferation and survival of T cells. The elevated levels
of ROS seen in T-ALL cells is attributed to the PI3K/Akt/
mTOR pathway-dependent induction by IL-7, and this over-
expression of ROS requires NOX activity and mitochondrial
respiration (265). Furthermore, the same group of researchers
have shown that T-ALL cells require glucose uptake for ROS
production in T-ALL cells treated with IL-7. Moreover, the
study also demonstrates that IL-7 increases the expression of
the glucose transporter GLUT1 in a PI3K-dependent manner.
These observations suggest that substrates of molecular
pathways activated by microenvironmental factors regulate
the viability and proliferation of T-ALL cells and provide the
means for the development of novel treatment strategies.

Interestingly, immunosuppressive cells known as MDSCs
can impair CD8 + T-cell immunity by increased production of
ROS, which inhibits f-chain expression in T cells (200). In
addition,MDSC induced the nitrosylation of the TCR tyrosine
residues on the surface of antigen-specific CD8 + T cells,
thereby inducing T-cell dysfunction. Tacke et al. have dem-
onstrated that chronic Hepatitis C virus infection can lead to
MDSC-mediated suppression of T-cell response by generating
ROS, suggesting that MDSCs are important in regulating T-
cell-mediated immune responses (276). Moreover, based on
this report, MDSCs suppress T-cell responsiveness by upre-
gulating the expression of p47phox, a component of the NOX2
complex, which is important in ROS production. A recent
study demonstrated that Nrf2 deficiency creates a responsive
microenvironment for metastasis to the lung, where MDSCs
of Nrf2-deficient mice induced overproduction of ROS com-
pared to the WT mice (255). Therefore, the increased pulmo-
nary metastatic potential of tumor cells in Nrf2-deficient mice
can be attributed to the overproduction of ROS. Moreover,
greater numbers of inflammatory cells, including MDSCs,
were identified in the lung and bonemarrow of Nrf2-deficient
mice with metastatic cancer. Cancer cells have efficient anti-
oxidant mechanisms to survive high levels of ROS. Some
of these defense mechanisms include upregualtion of perox-
irodoxins (Prx) and TRX in response to oxidative injury
(43, 229). In addition, the predominance of other suppres-
sive immune cells (such as Tregs and MDSCs) that are in-
nately high in antioxidant molecules aid in the development
of cancer and evade effector immune response. Redox-
modulating strategies thus are important as controls of cancer
development and progression.

D. Neurological disorders

1. Amyotrophic lateral sclerosis. ALS is marked by the
progressive loss of motor neurons, neurofilament inclusions,
astrocytosis and muscle atrophy, inflammation, and T-cell
infiltration. ALS is caused by a mutation in the SOD1 gene,
which renders SOD1 inactive, resulting in the oxidative
damage of motor neurons. To date, there are several trans-
genic mouse models for human ALS with specific mutations
in the Cu2+ /Zn2+ SOD1 gene, including SOD1G93A, SOD1G37A,
SOD1G85R, SOD1D90A, and SOD1G93A transgenic rat model.
Currently, the SOD1G93A transgenic mouse model is used
to test therapeutic agents to treat ALS and to understand
ALS disease progression at the molecular level (123). While
earlier studies have demonstrated reduced counts of Tregs
and monocytes in ALS, a recent study suggests that Tregs
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(CD4 +CD25 +FoxP3+ ) are recruited to the CNS to prevent or
attenuate the neurodegenerative process by stimulating the
secretion of anti-inflammatory cytokines (144). On the con-
trary, Tregs have been shown to help in protecting ALS from
progression, and FoxP3 is lost in later stages of this disease.
Furthermore, injecting CD4 + T cells has been shown to in-
crease the survival of mSOD1mice, amurinemodel of human
ALS (23). Another study has identified that CD154 (co-
stimulatory CD40 ligand on T cell) can further activate the
immune responsewhen bound toCD40 onAPCs, a promising
therapeutic target for ALS (22). Taken together, these studies
would suggest that understanding themolecular mechanisms
of microglial-derived inflammatory signals would be impor-
tant in treating this neurodengerative disease, and further
research in regulating microglial-derived ROS and cytokine
expression is warranted.

2. Multiple sclerosis. MS is a CNS demyelinating, in-
flammatory disease marked by a significant decrease in the
number of oligodendrocytes (OLs). MS is associated with
axonal degeneration and irreversible neurological disabilities
(29). EAE is a well-established animal model for MS with a
Th1 cytokine-induced active phase of the disease (69). That is,
during the active phase of this disease in EAE, TNF-a, IL-2,
and myelin/OL glycolprotein-specific antibodies are actively
produced. Moreover, oxidative stress-induced heme oxyge-
nase-1 (HO-1), a heat shock protein, is overexpressed in the
CNS of EAE mice (163). Other studies have shown that
erythropoietin (EPO) and EPO-induced upregulation of
endogenous HO-1 repress immune responses to EAE inMOG-
EAE mice to protect the neuronal cells from oxidative stress-
triggered cytotoxicity (46). Intraperitoneal administration of
EPO was shown to reduce clinical severity by significantly
repressing immune responses by the Th1 and Th17 lympho-
cyte populations at the site of the lesions and increasing sys-
temic Th2 and Treg populations. The initial infiltration of
autoreative CD4 + Th1 cells in the brain lesions of MS is fol-
lowed by the upregulation of proinflammatory cytokines,
TNF-a as well as IL-17, a proinflammatory cytokine secreted
by Th17 cells (214). Based on studies using uncoupling protein
2 (UCP2)-deficient mice, UCP-2 normally functions to reduce
the production of ROS during infection, and in EAE, UCP-2
has a protective response (297). This study further illustrates
that UCP-2-deficient mice have modified their immune re-
sponsewhere CD4 + T cells produce significantly higher levels
of proinflammatory cytokines; for example, TNF-a and IL-2
and the CD4+ and CD8 + T cells upregulate ROS production.
Further research to limit demyelination in MS by developing
antioxidant therapies directed toward Th1- and Th17-medi-
ated immune responses in MS is warranted.

3. Parkinson’s disease. Similar to ALS, Parkinson’s dis-
ease (PD) is a neurodegenerative disease marked by activated
microglia (innate immune cells of the CNS) and infiltrating T
cells at sites of neuronal injury. In PD, predominantly, the M1
microglial phenotypes are present in the injured neurons,
where M1 microglia are responsible for secreting proin-
flammatory cytokines (i.e., TNF-a and IL-1b), ROS, and NO,
all of which lead to neurotoxicity, (13). Inflammation of
phagocytic microglia, release of cytokines, T cells, and com-
plement activation play a role in damaging neurons, in par-
ticular, the dopaminergic neurons. In PD patients, the

pigmented dopaminergic neurons in the substantia nigra part
of the midbrain are triggered to undergo apoptosis; based on
recent evidence, two mutations in the a-synuclein gene have
been linked to the autosomal dominant form of this disease
(165). Interestingly, the a-synuclein gene mutation is associ-
ated with accumulation of dopamine in the dopaminergic
neurons in PD patients. The instability of dopamine’s catechol
ring structure can apparently undergo spontaneous oxida-
tion, leading to excessive ROS production and increasing
oxidative-stress-induced death of dopaminergic neurons in
PD patients. A greater understanding of the T-cell population
that mediates these effects, as well as the molecular signals
involved in PD progression, should identify new targets for
neuroprotective immunomodulation to treat these devastat-
ing neurodegenerative diseases.

E. Skin disorders

The skin is constantly exposed to endogenous and envi-
ronmental pro-oxidant agents, which lead to the generation of
harmful ROS. Although healthy skin is equipped with a large
number of defense mechanisms, including antioxidant sys-
tems that attenuate the harmful effects of ROS, the increased
or prolonged presence of free radicals can override ROS de-
fense mechanisms and mediate numerous cellular responses
that can contribute to the development of a variety of skin
disorders.

1. Psoriasis. Psoriasis is a common inflammatory dis-
ease of the skin and joints, triggered by an immune response
to endogenous (self) and exogenous factors (bacterial or vi-
ral). Formation of psoriatic lesions is thought to be elicited by
the complex cross-talk between keratinocytes and compo-
nents of the innate and acquired immune system. Psoriatic
keratinocytes possess an enhanced ability to resist apoptosis,
which might be one of the key pathogenic mechanisms in
psoriasis. In addition, statistically significant decreases in
erythrocyte catalase, GSH, SOD levels, and GPx activities
were noted in psoriatic patients (322). The observed increase
in erythrocyte malondialdehyde suggests that the cells were
in a perioxidative state. Based on these results, oxidative stress
plays a significant role in the progression of psoriasis.

Furthermore, subsequent studies have suggested that an-
tioxidant strategies could prove to be beneficial treatments for
psoriasis. The cellular signaling pathways, such as MAPK/
AP-1, NFjB, and JAK-STAT signal transducers and activators
of transcription, are known to be redox sensitive and are in-
volved in the progression of psoriasis (299). Interestingly,
psoriasis has been suggested to be an autoimmune response
to streptococcal throat infection. Patients with psoriasis have
CD4 + and CD8 + T cells that are reactive to antigen determi-
nants on streptococcal M-protein and type-1 keratins. There-
fore, molecular mimicry has been proposed as the method of
eliciting autoimmunity in psoriatic lesions (288).

2. Scleroderma. Scleroderma is a chronic autoimmune
disease characterized by fibrosis, vascular injury, and in-
creased collagen deposition in the skin (313). There are two
forms of scleroderma: limited cutaneous systemic sclerosis
(SSc) and diffuse cutaneous SSc (dcSSc). While hands, arms,
and face are affected in patients with SSc, dcSSc involves fi-
brosis of a large area of the skin and at least one other internal
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organ: the kidney, heart, or lung (51). Murine models of SSc
and dcSSc were used to understand the role of ROS in the
pathogenesis of SSc (258). Briefly, Balb/c and immunodefi-
cient Balb/c SCID mice were injected with pro-oxidative
agents, bleomycin, or phosphate buffered saline. Based on
histological, biochemical, and immunological studies, ROS
played a significant role in SSc, and the specific oxidation of
autoanitgen has been shown to induce systemic sclerosis.
Moreover, Servettaz et al.(258), demonstrate that the type of
ROS determines the form of SSc. Peroxynitrites induced lim-
ited SSc, which exhibit skin fibrosis and serum anti-CENP-B
IgG, whereas hypochlorite or hydroxyl radicals induced dif-
fuse SSc with cutaneous and lung fibrosis and serum anti-
DNA topoisomerase I antibodies. This finding suggests that
decreased antioxidant levels and increased accumulation of
ROS are key components in the progression of scleroderma.

Recent investigations have suggested that in addition to
ROS production, apoptosis is involved in the progression of
scleroderma (313). Patients with SSc have high serum levels of
soluble Fas, which would protect autoreactive T cells from
FasL-induced apoptosis. In these same patients, spontaneous
apoptosis of CD8+ T cells was also observed, suggesting that
the T-cell imbalance leads to autoimmunity in patients with
SSc. However, this is based on the stage of the SSc disease.
Based on recent findings, effector peripheral blood CD8 + T
cells upregulate the expression of profibrotic cytokine IL-13,
thereby leading to the observed cellular toxicity in SSc pa-
tients (79). Interestingly, current immunotherapy regimens
focus on regulating the immune system in scleroderma with
conventional methods (nonselective immunosuppression), T-
cell- or B-cell-targeted therapies, HSC transplantation, anti-
fibrotic treatments, or immunomodulatory agents (175).

3. Vitiligo. Vitiligo is a condition caused by the loss of
pigmentation of the skin as a result of apoptosis of epidermal
melanocytes. Biochemical, neurological, environmental, ge-
netic, and immunological factors have all been associated
with the activation of vitiligo (87). Moreover, a melanocyte-
specific T-cell-mediated immune response has been impli-
cated in the development of vitiligo. Recently, activated,
type-1 Teff cells were histologically identified in the perile-
sional margins of the depigmented skin, suggesting that
skin-homing melonocyte-specific CTLs are responsible for
the depigmentation in vitiligo patients (289). Furthermore,
using an explant model for vitiligo, Van Den Boorn et al. (289)
were able to demonstrate that the perilesional T cells induce
apoptosis ofmelaoncytes only in the pigmented skin explants.
Other studies have suggested that ROS and H2O2 production
impairs biological processes (87). Tyrosinase is a rate-limiting
enzyme required for melanogenesis, and in the presence of
ROS and/or H2O2, the activity of this enzyme is impaired,
resulting in the loss of melanocytes in vitiligo.

F. Viral diseases

1. Human immunodeficiency virus. Oxidative stress ap-
pears to contribute to HIV infection in humans, where ROS
may play a critical role in HIV replication. A number of
studies have demonstrated that GSH levels and acid-soluble
thiol levels are decreased in AIDS patients, while plasma
glutamate concentrations are increased (34, 65, 66). Moreover,
GSH levels are decreased in plasma, lung epithelial lining

fluid, and PBMCs in HIV-infected patients. In addition to
confirming earlier findings that HIV-infected individuals
have decreased GSH levels, recent studies suggest that LPO,
which is associated with oxidative stress, is significantly
higher in HIV-infected patients (301). These findings suggest
that HIV-infected patients have increased oxidative stress,
and the efficacy of treating these patients with antioxidants
remains to be determined. Rhesus monkeys infected with
simian immunodeficiency virus (SIVmac251), a closely re-
lated animal model of HIV, have significant loss of plasma
thiol levels (i.e., decreased cysteine levels) and increased
glutamate concentrations within 2 weeks of infection (67).
Based on these studies, GSH depletion and the concomitant
increase in ROS are correlated with the pathogenesis of HIV-
infected patients.

This knowledge was exploited to initiate clinical trials
employing antioxidant therapy to treat AIDS patients. The
first study of this kind used the antioxidant NAC, a cysteine
prodrug that was shown to block HIV expression in chronic
and acute infection models as well as block HIV replication in
normal PBMCs. NAC restores GSH levels and maintains
normal levels of thiols during oxidative stress (241). The ob-
served antiviral effect of NAC is due to inhibition of viral
stimulation by ROS that are produced in response to chronic
stimulation of HIV-specific T cells and inflammatory cyto-
kines (241, 269). An earlier study by Sandstrom et al. dem-
onstrated that T-cell lines infected with HIV are highly
susceptible to apoptosis. Moreover, they also demonstrated
that GPx deficiency in HIV-infected human leads to apoptosis
of CD4+ T cells (253). Other studies have supported the above
finding, and moreover, these studies also demonstrated that
CD4 + T cells have lower concentration of active GPx and SOD
and have a high concentration of H2O2 (86). Therefore, other
strategies to replenish antioxidant molecules are being ac-
tively pursued by researchers worldwide.

2. Influenza. Influenza virus, an orthomyxovirus family
of RNAviruses, infects the epithelial cells lining the throat and
lung. Several studies show that influenza virus infection leads
to changes in pro-oxidant levels and oxidative stress (204).
Based on animal studies, cells lavaged from the lungs of in-
fluenza virus-infected mice have been shown to possess an
enhanced superoxide generation capacity (222). Moreover,
xanthine oxidase is overexpressed in these mice, suggesting
that influenza infection leads to oxidative stress. Reports also
suggest that influenza virus-infected cells show lower levels
of GSH (203).

Influenza virus is also known to cause neutrophil dys-
function and activate neutrophil respiratory-burst responses.
Teff cells are responsible for controlling inflammation in
the lungs during influenza infections by producing anti-
inflammatory cytokines such as IL-10 (271). Changes in redox
regulation in Teff cells during influenza infection may affect
the onset of disease. When transgenic mice expressing human
Trx1 were infected with influenza virus, NFjB activation and
production of higher amount of TNF-a and IL-6 were shown
to increase inflammation and severity of the disease (88).
Another study using NOX2-deficient mice infected with in-
fluenza virus showed a decrease in titers of virus in compar-
ison to WT. However, NOX2 deletion does not show any
difference in CD8 + Teff cells. Moreover, this study confirmed
that treatment with the NOX2 inhibitor, apocynin, has the
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ability to reduce viral titer, inflammation of the respiratory
tract, and cell superoxide production (296). Taken together,
these studies suggest that influenza infections change the re-
dox balance of T cells.

G. Aging

Aging and age-related diseases, including cancer, Alzhei-
mer’s disease, atherosclerosis, and metabolic disorders, are
associated with low-grade inflammation, oxidative stress, and
production of NFjB-dependent proinflammatory cytokines,
such as IL-1, IL-6, and TNF-a. While the aging process has been
associatedwith the decline of adaptive immunity, referred to as
immunosenescence, innate immunity appears to be upregu-
lated, leading to the expression of proinflammatory cytokines.
Moreover, NFjB signaling, NAD-dependent deacetylase sir-
tuin 1 (SIRT1), and p53 have been implicated as key regulators
of aging and age-related diseases (249, 317). NFjB has been
further shown to act as a link between the innate and adaptive
immunity in the aging process, and age-dependent activation
of NFjB signaling is tissue specific (2, 250).

The aging process appears to shift the T-cell population from
CD45RA+ naı̈ve T cells to CD45RO+ memory cells, but these T
cells have impaired antigen responsiveness (161, 250). Fur-
thermore, CD4+ T-cell-mediated activation of B-lymphocytes
and the decrease in the number of CD8+ T cells are observed in
the aging process, contributing to the downregulation of
adaptive immunity in the aged and age-related diseases. Re-
cently, an in vivo model of spontaneous arthritis in aged mice
suggested that NAPDH oxidase 2 (NOX2) deficiency induced
the production of proinflammatory cytokines, reduced ROS,
and increased the number of IL-17-producing Th17 cells while
decreasing the Treg population (155). Several other studies
show aging-associated shift in production of proinflammatory
cytokines (IL-17, IL-1b) associatedwith coronary heart diseases
(54). Moreover, a study by Daynes et al. has shown that this
imbalance, increased proinflammatory cytokine production,
may be due to an impairment of peroxisome proliferator-
activated receptor-a (57). Taken together, aging may induce
imbalance in production of ROS, which leads to cytokine im-
balance, thereby increasing susceptibility to various disorders.
Moreover, the Th17 and Treg balance may be important in
regulating the downstream immune response associated with
aging. As previously mentioned, aging is associated with im-
paired T-cell function due to increased protein and DNA
damage (220). T cells exhibit diminished TCR signaling in aged
individuals, and this T-cell dysfunction has been attributed to
ROS-mediated damage to cellular components.

During the aging process, adaptive immune response is
decreased, which has also been attributed to the oxidative
stress-induced shortening of the telomeres of T- and B-
lymphocytes (136). Similarly, chronic oxidative stress has
been shown to reduce the telomere length in human endo-
thelial cells, leading to the premature senescence of these cells.
Based on these studies, it is possible that age-related T-cell
dysfunctionmay be due to this shortening of the telomere in T
cells (268). Furthermore, CD4 + and CD8 + T and B cells have
shortened telomeres in association with age progression. That
is, with age, telomere shortening is observed in T cells, and
more importantly, the rate at which telomeres are lost is dif-
ferent between the two T-cell populations. Based on these
recent findings, telomere integrity of T cells as well as oxi-

dative stress induction in these cells are important in regu-
lating the aging process and in regulating the progression of
age-related disease.

H. Gender-related differences in the oxidative stress

response and T-cell immunity

Gender disparity in redox imbalance and susceptibility to
apoptotic signals results in the increased risk of cardiovas-
cular pathogenesis (174), asthma (171), melanoma (127), and
lung cancer (287). Whether or not the gender-dependent
regulation of oxidative stress and apoptosis is associated with
T-cell immune response in these diseases is unknown and
warrants further investigation. However, these studies on
gender-related pathogenesis further suggest that female hor-
mones play a significant role in regulating autoimmunity. For
example, T-cell chemokine response is regulated by estrogen
expression, and the chemoreceptors are important for T-cell
homing (i.e., to the spleen) as well as T-cell response to antigen
stimulation (190). Based on the results of this study, female
mouse-derived CD4+ T cells overexpress CCR1-CCR5 and
exhibit increased tyrosine phosphorylation in response to
estrogen and MIP-1b stimulation, respectively. However, the
molecular mechanisms involved in inducing expression of
chemokine receptors on T cells in response to estrogen stim-
ulation are currently under investigation.

It is well known that estrogen is an important factor in
determining female gender bias in autoimmune diseases.
Estrogen has further been implicated in regulating iNOS
mRNA, iNOS protein, and nitric oxide expression in activated
T cells (133). Moreover, an increased level of nitric oxide is
associated with tissue injury in autoimmune diseases that
predominantly manifest in females, such as RA, MS, SLE, and
glomerulonephritis. While moderately high levels of nitric
oxide protect immune cells from apoptosis, chronic infections
or pathologies can induce very high levels of nitric oxide ex-
pression, resulting in immune cell apoptosis or necrosis. In-
terestingly, after injury, estrogen stimulation can lead to the
dysregulation of cell-mediated immune responses by modu-
lating proinflammatory cytokine expression, such as TNF-a,
IL-1b, and IL-6 (28). Similarly, estrogen binds to the estrogen
receptor on T cells, and T-cell activation is enhanced in female
patients with SLE (236). This upregulation of T-cell activation
results in impaired regulation of autoantibody production,
thereby enhancing the overall immune response in female
SLE patients. These studies, therefore, support gender-de-
pendent responses in susceptibility to oxidative stress, apo-
ptosis, and T-cell immune response.

VIII. Gene Mutation and Polymorphism in Oxidative

Stress and Diseases

Recent discoveries of potentially causal single-nucleotide
polymorphisms (SNPs) and advancements in the use of high-
throughput genotyping techniques for complex diseases hold
great promise. This has led to large-scale genetic association
studies such as the HapMap (haplotype mapping) Project and
the Cancer Genome Project. Such studies should be helpful in
the future in the prognosis of human diseases and should guide
clinical decisions in treating human diseases. It is well known
that SNPs can modulate protein expression, thereby effecting
disease susceptibility. SNPs and mutations in antioxidant
genes may lead to the modulation of the cellular redox state,
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effecting T-cell activation and/or T-cell proliferation. More-
over, individuals with diverse SNPs will respond differentially
to T-cell therapy. Therefore, investigating SNPs in antioxidant
and redox-regulating genes is of critical importance in the di-
agnosis, prognosis, and treatment of human diseases.

Genetic studies have shown that polymorphic variants of
antioxidant genes may also increase susceptibility to lym-
phoma (Table 4). Ishikawa et al. showed that two mutations
(G13886A and 13884insC) in ND6 (the gene responsible for
coding NADH subunit 6) resulted in a deficiency in respira-

tory complex I activity and is associated with overproduction
of ROS (118). The mutation-bearing mice had greater tumor
progression andmetastasis; however, when treated with ROS
scavengers, metastasis was suppressed. Mutations in antiox-
idant genes have been shown to be associated with ROS im-
balance and are therefore associated with increased disease
susceptibility (89). For example, mutations in the catalase gene
are associated with diabetes mellitus, hypertension, and viti-
ligo. Interestingly, gene polymorphisms in redox regulation
genes such as cytochrome b light chain (CYBA) and aldoketo

Table 4. Gene Polymorphisms in Anti-/Pro-Oxidant Molecules That May Impair

or Modulate T-Cell Function in Human Diseases

No.

Anti/
prooxidant

gene Polymorphism Effect on T-cell redox state Reference

1 AKR1A1 IVS5 + 282T >C 1.7-fold risk for NHL and T-cell lymphoma (153)
2 CAT - 89A>T Increases susceptibility to vitligo by 1.9-fold (162)
3 CYBA C242T Reduced respiratory burst in human neutrophils (310)
4 CYBA C242T CC genotype exhibits NOX-mediated oxidative stress

and endothelial damage.
(192)

5 CYBA Ex4 + 11C >T 1.6-fold risk for NHL and T-cell lymphoma (153)
6 CYP2E1 CYP2E15 2.8-fold higher risk of acute lymphoblastic leukemia (150)
7 GCLM GCLM-588 C>T Increased risk for carotid atherosclerosis in type 2

diabetic patients
(137)

8 MnSOD Ala16Val Risk for development of type 2 diabetes (202)
9 MPO G463A Related to reduced generation of ROS, are associated

with decreased breast cancer risk
(4)

10 MPO - 463 G>A Increased risk for carotid atherosclerosis in type 2
diabetic patients

(137)

11 NOX p22phox 242 C>T Increased risk for carotid atherosclerosis in type 2
diabetic patients

(137)

12 Ncf1 DBA.Vb12 mutant Increased susceptibility for arthritis and autoimmunity
by following mechanisms:

(95)

Increased autoantibody production
Expansion of IL-33R-expressing T cells

Impaired T-cell tolerance
13 ND6 G13886A and 13884insC Deficient respiratory complex I activity and ROS

overproduction
(118)

14 NFkB Deletion in NFjB gene Susceptibility to RA, systemic lupus erythematosus,
psoriatic arthritis, giant cell arthritis, type 1 diabetes,
multiple sclerosis, celiac disease, and Parkinson’s
disease, as well as susceptibility of several cancers,
such as oral squamous cell carcinoma, colorectal
cancer, hepatocellular carcinoma, breast cancer, and
myeloma

(272)

15 NFkB 94 base pair deletion 1.45-fold higher risk for colorectal cancer (10)
16 NOS2 A Ser 608 Leu 2-fold risk increase for NHL in B- and T-cell lymphoma (302)
17 NQO1 alleles 2 and 3 1.7-fold risk for acute lymphoblastic leukemia (150)
18 Nrf2 Nfe2l2 (gene for Nrf2) Locus in Nrf2 gene linkage to susceptibility to

hyperoxia and lung diseases
(48)

19 p22phox Promoter Susceptibility to NADPH-mediated oxidative stress in
humans and animals with hypertension.

(71)

20 PON1 PON1(192), PON1(55),
PON1( - 162), PON1( - 832),
PON1( - 909), PON1( - 1076),
and PON1( - 1741)

Haplotype (AATTCCT) was associated with better
CD4+ cell count in HIV-infected patients

(219)

21 SOD1 Cu2+/Zn2 + superoxide
dismutase (SOD1)

Risk for amyotrophic lateral sclerosis (123)

22 SOD2 G1677T Susceptibility to human cancer (102)

AKR1A1, Aldoketo reductase family 1, member A1; CAT, catalase; CYBA, cytochrome b-245, alpha-polypeptide; MPO, myeloperoxidase;
NADPH, nicotinamide adenine dinucleotide phosphate-oxidase; Ncf1, neutrophil cytosolic factor 1; NHL, non-Hodgkins lymphoma; NOX,
NADPH oxidase; NQO1, NADPH quinone oxidoreductase-1; NRF2, nuclear factor erythroid-2-related factor 2; PON1, paraoxonase-1.
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reductase family 1, member A1 (AKR1A1) show increased risk
to T-cell and non-Hodgkin’s lymphoma (153). Moreovoer, the
ser/leu polymorphism in the NOS2A gene modulates risk for
B- and T-cell lymphoma by twofold (302). Similarly, mutations
in human SOD1 have been shown to cause an inherited form of
ALS (257). Moreover, a variant of the promoter region of the
catalase gene shows increased risk for vitligo in Chinese peo-
ple, suggesting that catalase is important in regulating apo-
ptosis of melanocytes (162). Another recent study implicated
mitochondrial ROS in the production of proinflammatory cy-
tokines in an autoinflammatory disorder caused by missense
mutations in the TNFR1 gene, known as type 1 TNF receptor
(TNFR1)-associated periodic syndrome (TRAPS) (35). This
study suggested that TNFR1-mutant cells exhibit altered mi-
tochondrial function with enhanced oxidative capacity and
mitochondrial ROS generation. Pharmacological blockade of
mitochondrial ROS efficiently reduced inflammatory cytokine
production after LPS stimulation, suggesting that mitochon-
drial ROS may be a novel therapeutic target for TRAPS and
other inflammatory diseases. The above studies suggest that a
mutation or polymorpism in antioxidant genes could play an
important role in disease susceptibility.

Antioxidant gene polymorphisms may also increase sus-
ceptibility to several autoimmune diseases and lymphomas
(Table 4). Polymorphic variants in antioxidants and redox-
regulating genes lead to differential susceptibility to diseases.
Thismay be due to up- or downregulation of antioxidants. For
example, cytochrome P450 2E1 (variant -CYP2E1*5) is asso-
ciated with increased risk to ALL by 2.8-fold, when compared
to individuals with the WT alleles (150). Moreover, individ-
uals with gene variants of paraoxonase-1 (PON1) enzyme
have shown to have better CD4 + T-cell counts in comparison
to individuals with the WT allele of PON1 (219). Table 4
briefly discusses gene polymorphisms in redox regulators
that are associated with increased susceptibility to the corre-
sponding disease.

IX. Therapeutic Strategies to Overcome Oxidative

Stress-Induced Diseases

Recent studies have also focused on development of thera-
peutics by targeting the antioxidants that regulate the cellular
redox state to restore proper T-cell function. In fact, we and
others have used antioxidants to rescue T cells from oxidative
stress (207). Our data suggest that pretreatment of melanoma
epitope-reactive MART-127–35 and influenza matrix protein
MP58–66 with MnTBAP rescues them from repetitive TCR
stimulation-induced cell death by quenching ROS species and
inhibiting JNK phosphorylation (207). In another study, in vivo
administration of MnTBAP protected antigen-specific T cells
from contraction after chronic antigen exposure in primary
lymphocytic choriomeningitis virus (LCMV) infection (154).
Anotherwidely used antioxidant compound isNAC, a cysteine
prodrug that replenishes intracellular GSH (14). NAC has been
used successfully to treat GSH deficiency in acetaminophen
toxicity, bronchitis, Alzheimer’s, diabetes, cystic fibrosis (232),
andHIV infection, (103, 176). Impaired T-cell function in cancer
patients is associated with decreased expression of IL-2R as
well as impaired responsiveness to anti-CD3, all ofwhich could
be restoredwith NAC treatment as seen in in vitro experiments.
Therefore, restoration of GSH levels may restore T-cell function
and antigen responsiveness with the treatment of NAC.

With recent advances in molecular techniques, efforts have
been made to increase the cellular expression of antioxidant
genes in T cells. Based on a recent study, CD4+ and CD8 + T
cells retrovirally transduced with a catalase gene preserved
the function of the T cells and evaded H2O2-mediated cell
death, with marked resistance to ROS (11). These results have
raised promise for gene therapy-based strategies to elevate the
antioxidant capacity of Teff cells. Doing so could be important
for increasing cell persistence in an oxidative tumor micro-
environment, which may subsequently improve immuno-
therapy for patients with advanced cancer or chronic viral
infections. Similar strategies have been used to protect
cells from oxidative-stress-induced injury, where adenovirus-
delivered SOD and CAT genes are overexpressed in ischemic
lung tissue (56), cortical neuronal cells (80), and retinal pig-
ment epithelial cells (234). Targeted delivery of catalase has
also been used as a strategy to inhibit tumor metastasis, since
H2O2, at sub-lethal concentrations, can act as intracellular
second messengers to increase the transcription of genes that
regulate the proliferation of tumor cells in metastatic lesions
(206). Therefore, catalase can regulate ROS-mediated tissue
injury and tumormetastasis. In addition to catalase, inhibitors
of molecules involved in oxidative stress signaling have been
used in studies where inhibitor treatment results in impaired
T-cell function and promotes tumor progression. Inhibitors
that target arginase 1 (Arg 1), NOS2, or peroxynitrate scav-
engers are able to block the immune suppressive capacity of
MDSCs, and thereby restore specific T-cell responses in
mouse tumor models (32, 33, 59, 152). Interestingly, inhibitors
of the iNOS-peroxynitrate pathway have also been shown to
enhance memory responses and block AICD in both mouse
and human T cells (305). Moreover, the data presented in this
study are consistent with other data, suggesting that free
radicals are important in the maintenance of immune mem-
ory, and that iNOS is important in maintaining T cell ho-
meostasis (305).

Dietary products and supplements are also known for their
antioxidant properties and could potentially be useful as
therapeutic agents (3, 122). The active antioxidants in dietary
products, such as green tea, carrots, turmeric, and other vi-
tamins, can modulate the T-cell immune response (Table 3).
The well-studied curcumin (extracted from turmeric) induces
antitumor activity in T-cell leukemia by blocking the JAK-
STAT pathway (231). Based on in vivo studies, curcumin is
known to restore circulating CD4+ T cells and IL-2 production
(142) and to induce the STAT5a-mediated expression of the
antiapoptotic protein Bcl2 (27), suggesting that reduced rates
of apoptosis may be an underlying mechanism by which
restoration of circulating T cells is achieved.

Similarly, specific vitamins have antioxidant function (Table
3). Vitamins A and D are required for proper homing of T cells
to the gut and skin, respectively, which requires the expression
of specific chemokine receptors (182). Another example of a
strategy to target the harmful effects of ROS on T-cell function
is the administration of high doses of dietary Vitamin E, a
known antioxidant (98, 173). Based on these results, dietary
Vitamin E supplementation, followed by chemotherapy treat-
ment, increased the number of IL-2- and IFN-c-producing T
cells aswell as increasedNK-cell activation, thereby suggesting
that Vitamin E supplement is helpful in improving immune
function in these patients. Moreover, Vitamin E has been
shown to suppress the activity of transcription factors NF-jB
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and AP-1, and suppressed CD95L mRNA expression leading
to the protection of T cells in HIV-1-infected individuals (173).
Therefore, the use of dietary supplements as antioxidants is a
major area of research, and their role as immunemodulators, as
well as anti-inflammatory and anticancer agents, makes them
promising candidates for future therapeutics.

Another useful method formodulating oxidative stress in T
cells could be through micro-RNA-regulated expression of
ROS-associated genes. miRNA are short noncoding RNA, 18–
24 nucleotides in length that post-transcriptionally regulate
gene expression by affecting the degradation and translation
of target mRNAs (97). Efforts to gain new insights into un-
derstanding the role ofmiRNAs in regulating oxidative stress-
related gene expression in different cell systems are being
conducted, including auditory cells (303) and cardiac myo-
cytes (47). Similarly, the effects of ROS on miRNA expression,
the role of miRNAs in ROS-mediated gene expression and T-
cell function, and as potential therapeutic targets are of cur-
rent interest. Interestingly, a recent study has indicated that
miRNA 128a regulates production of ROS by inhibiting the
Bim-1 oncogene in cancer stem cells and thereby promotes
cellular senescence (294). A role for miRNA-21 in controlling
NO-mediated apoptosis has also been shown in endothelial
cells that were subjected to shear stress (304). In addition,
miR144/miR-451 protects erythrocytes from oxidative stress
by a 14-3-3z- (phospho-serine/threonine-binding protein)
and FoxO3-mediated mechanism (319). Megenta et al. dem-
onstrated that miR-200c and miR-141 are upregulated in oxi-
dative stress and play key roles in ROS-induced apoptosis of
endothelial cells (169). While it is not known if miR144/miR-
451- or miR-200/miR-141-mediated pathways are involved in
protecting T cells from oxidative stress, recent evidence sug-
gests thatmiR-155 inhibits IFN-c signaling in CD4+ T cells (19).
Interestingly, miR155 is also important in maintaining Treg
homeostasis by targeting the suppressor of cytokine signaling 1
(SOCS1) protein in a Foxp3-mediated pathway, suggesting that
miRNAs are important in regulating T-cell function (166).
Moreover, ROS-regulated miRNA (miR-27b) overexpression
has been shown to suppress NFjB activation in mouse mac-
rophage cells, RAW264.7 (281). Whether or not miR27b is in-
volved in regulating NFjB activation in T cells remains to be
determined. These studies highlight that miRNA may be im-
portant for maintaining redox homeostasis by regulating the
expression of target mRNAs associated with ROS production.
Thus, targeting miRNA to regulate oxidative stress and influ-
ence expression of targeted genes that are important in disease
pathogenesis could be an important future strategy.

X. Conclusion

The studies described in this review reveal that redox bal-
ance is critical for modulating T-cell activation, proliferation,
and persistence. A balance of various antioxidants is required
for the regulation of the cellular redox status, such as GSH,
vitamins, SOD, GPX, NOX, and p53. Proper redox status will
lead to proper T-cell signaling and activation. However, an
imbalance in redox molecules can activate different signaling
pathways, ultimately shifting the T-cell phenotype (61). In
addition, the differential susceptibility of T-cell populations
based on the cell surface marker expression (as identified in
sections II and III) is an area that needs further investigation in
most disease states. Earlier studies have looked broadly at

either CD4 + or CD8+ T cells without considering the vast
heterogeneity (effector, memory, and regulatory) that exists in
the T-cell lineage. Therefore, it would be important to con-
sider a comprehensive characterization of these T-cell subsets
that could potentially be correlated to disease pathogenesis
and progression.

The studies cited in this review lead us to conclude that,
despite the redundancy in factors that regulate cellular oxi-
dative stress in other model systems, a combination of basic,
translational, and clinical research may provide further in-
sight in T-cell immunomodulation and immunotherapeutic
strategies. Manipulation of the cellular redox state could be a
strategy that results in the modulation of T-cell subsets,
thereby improving current immunotherapeutic approaches to
treat cancer, autoimmunity, and infectious diseases.
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Abbreviations Used

AA¼ ascorbic acid
AICD¼ activation induced cell death

AKR1A1¼ aldoketo reductase family 1, member A1
ALL¼ acute lymphoblastic leukemia
ALS¼ amyotrophic lateral sclerosis
APC¼ antigen-presenting cell
CAT¼ catalase
CMV¼ cytomegalo virus
CTLs¼ cytotoxic T lymphocytes
CYBA¼ cytochrome b-245 alpha-polypeptide
DISC¼death-inducing signaling complexes
ERK¼ extracellular signal-regulated kinases
FoxO¼ forkhead transcription factors of class O

GCLM¼ glutamate-cysteine ligase
modifier subunit

GPX¼ glutathione peroxidase
GSH¼ glutathione

HDC-KO¼histidine decarboxylase knockout
HIV¼human immunodeficiency virus

�HO-
¼hydroxyl radical

HO-1¼heme oxygenase-1
H2O2 ¼hydrogen peroxide
HSC¼hematopoietic stem cell
IFN-c¼ interferon-c
iGSH¼ intracellular glutathione
iNOS¼ inducible NO synthase
JNK¼ c-Jun N-terminal kinase
LAT¼ linker of activated T cells
LDL¼ low-density lipoprotein

MAPK¼mitogen-activated protein kinase
MDSC¼myeloid-derived suppressor cell
MHC¼major histocompatibility complex
MPO¼myeloperoxidase
MS¼multiple sclerosis

Mst1¼mammalian sterile 20-like 1
MT-COX2¼mitochondrial cyclooxygenase 2
MT-CYB¼mitochondrial cytochrome B
mTOR¼mammalian target of rapamycin
L-NAC¼N-acetylcysteine

NADPH¼nicotinamide adenine dinucleotide
phosphate-oxidase

Ncf1¼neutrophil cytosolic factor 1

NDUFA¼NADH dehydrogenase [ubiquinone]-1
alpha-subcomplex subunit

NFjB¼nuclear factor kappa B
NK¼natural killer

nNOS¼neuronal NOS
NO-

¼nitric oxide
NOS¼nitric oxide synthase
NOX¼NADPH oxidase

NQO1¼NADPH quinone oxidoreductase-1
NRF2¼nuclear factor erythroid-2-related factor 2
O2

�-
¼ superoxide

ONOO -
¼peroxynitrite

PBMC¼peripheral blood mononuclear cell
PD¼Parkinson’s disease

PI3K¼phosphoinositide 3-kinase
PKC-theta¼protein kinase C theta

PLCgamma1¼phospholipase Cgamma1
PON1¼paraoxonase-1

Prx¼pyroredoxins
PS¼phosphatidylserine
RA¼ rheumatoid arthritis

Rap1¼Ras-proximate-1
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
SLE¼ systemic lupus erythematosus

SLP76¼ SH2 domain-containing leukocyte protein
of 76 kDa

SNP¼ single-nucleotide polymorphism
SOD¼ superoxide dismutase

TAMs¼ tumor-associated macrophages
Tc¼T cytotoxic

TCM¼ central memory T cells
TCR¼T-cell receptor
Teff¼ effector T
TEM¼ effector memory T cells
Th¼T helper

TNF¼ tumor necrosis factor
TNFR1¼ type 1 TNF receptor
TRAPS¼TNFR1-associated periodic syndrome

Treg¼ regulatory T cell
TRX¼ thioredoxin

Zap70¼ f-chain-associated protein kinase 70
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