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cancer and AIDS and warrant further investigation.

Introduction
It is now well recognized that ROS and reactive nitrogen species
(RNS) such as superoxide anion (0,), H,0,, NO, and S-nitroso-
thiols (SNOs) are ubiquitously generated in vivo and influence a
broad spectrum of physiological and pathological processes. ROS
and RNS affect cellular function through redox-based modification
of proteins, particularly S-oxidation and S-nitrosylation. Above all,
reversible redox-based modifications of cysteine thiols, namely
sulfenic acids (RSOH), disulfides (RSSR), and SNOs, regulate the
activity of proteins to influence diverse cellular processes including
cell division and differentiation, metabolism, and cell death (1-3).
The net cellular effects of ROS and RNS are coordinated by
systems that generate these reactive species (NADPH oxidases and
NO synthases), consume them (antioxidant systems), or reverse
the protein modifications that subserve their activity (disulfide
reductases and denitrosylases). In this regard, the antioxidant pro-
tein thioredoxin (Trx) and tripeptide glutathione (GSH) and their
system components represent the major defenses against ROS and
RNS (4-6). However, accumulating evidence indicates that Trx and
GSH also play a homeostatic role in basic cellular processes includ-
ing DNA synthesis, protein maturation, and cellular signaling (Fig-
ure 1). Accordingly, dysregulation of the Trx and GSH systems may
contribute to a broad spectrum of diseases including cancer and
various infectious and inflammatory disorders (4, 6, 7), and there
is currently interest in targeting Trx and GSH for therapeutic gain.
Here, we discuss recent progress regarding the potential benefits of
dual targeting of the Trx and GSH systems for the management or
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Although the use of antioxidants for the treatment of cancer and HIV/AIDS has been proposed for decades, new insights
gained from redox research have suggested a very different scenario. These new data show that the major cellular antioxidant
systems, the thioredoxin (Trx) and glutathione (GSH) systems, actually promote cancer growth and HIV infection, while
suppressing an effective immune response. Mechanistically, these systems control both the redox- and NO-based pathways
(nitroso-redox homeostasis), which subserve innate and cellular immune defenses. Dual inhibition of the Trx and GSH
systems synergistically kills neoplastic cells in vitro and in mice and decreases resistance to anticancer therapy. Similarly, the
population of HIV reservoir cells that constitutes the major barrier to a cure for AIDS is exquisitely redox sensitive and could be
selectively targeted by Trx and GSH inhibitors. Trx and GSH inhibition may lead to a reprogramming of the immune response,
tilting the balance between the immune system and cancer or HIV in favor of the former, allowing elimination of diseased
cells. Thus, therapies based on silencing of the Trx and GSH pathways represent a promising approach for the cure of both

treatment of cancer and HIV infection and outline the main molec-
ular mechanisms that are the likely mediators of the antitumor
and antiviral effects. Given the pathological and epidemiological
overlap between HIV and several types of cancer, a shared thera-
peutic strategy to address both conditions could potentially have a
marked impact on global health.

The Trx and GSH systems: redundancy and
crosstalk

To understand the basis for therapies characterized by the inhibi-
tion of Trx and GSH, it is important to consider the relationships
between the two systems in terms of redundancy and interrelated
control mechanisms. Trx and GSH have both overlapping and non-
redundant functions. ROS and RNS detoxification depends on both
Trx and GSH, as exemplified by the removal of H,O, by GSH- and
Trx-dependent peroxidases (Figure 1). Functional redundancy is
further supported by studies using cells deficient in Trx reductase 1
(TrxR1), a selenoenzyme that reduces the active site of the cytoplas-
mic isoform of Trx (Trx1). Conrad and colleagues demonstrated
that, although cells from TrxR1-deficient mice have normal pro-
liferative capacity, they exhibit heightened sensitivity to the GSH
synthesis inhibitor buthionine sulfoximine (BSO) (8). In addition,
Schmidt and colleagues showed that hepatocyte DNA replication
requires either GSH or TrxR1 (9). This finding was recently con-
firmed in primary human T lymphocytes (10), where the two sys-
tems are required for optimal activity of ribonucleotide reductase.
There is also evidence that the GSH and Trx redox systems back
each other up in maintaining redox and cell homeostasis. Holmgren
and colleagues have recently shown that GSH, together with the
protein glutaredoxin, can reduce Trx1 when TrxR1 is inhibited (11).
Moreover, it was found that the combined inhibition of TrxR1 and
GSH had synergistic effects on Trx1 oxidation (11).
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Given the above observations, it follows
that perturbing one redox system — GSH or
Trx—islikely toaffectthe other, eventhough
these systems have nonoverlapping roles. In
this regard, the nascent field of quantitative
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Figure 1. Role of the Trx and GSH systems in cellular nitroso-redox homeostasis and signaling.
ROS and RNS such as 0,7, H,0,, and NO are generated in cells by the regulated activity of dedicated
enzymes such as NADPH oxidases (NOX) and NOS and by additional sources such as mitochondria.
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a broader picture of these interconnections
(17, 18). In particular, the quantitative asso-
ciation between the redox state of the cell
and its biological state (such as quiescence,
proliferation, or apoptosis) could help guide
therapeutic manipulation of the antioxidant
I pathways (17). Moreover, these models may
enhance our understanding of the interre-
lation between oxidative and nitrosative
stress. For example, oxidative stress (e.g.,
localized production of H,0,) may tie up
the activity of Trx-dependent defenses,
increasing protein SNOs in the process (7).
Oxidative stress thereby begets nitrosative
stress (nitroso-redox imbalance). Under
such circumstances, redox-based signaling
and defense become increasingly reliant on
GSH-dependent mechanisms, and, as illus-
trated throughout this Review, the GSH and
Trx pathways can thus be targeted with syn-
ergistic consequences.

NO is efficiently converted into low-molecular-weight SNOs (e.g., S-nitrosoglutathione [GSNOs]),

which convey the large part of NO bioactivity. NO can react with 0, to produce ONQOO", a potent
oxidant and nitrating agent. ROS and RNS play various roles in both homeostatic and pathological
processes. The physiological roles of H,0, and NO and SNO are principally mediated through the
S-oxidation or S-nitrosylation of protein Cys residues (RSH) to form sulfenic acids (RSOH), disulfides
(RSSR), and protein S-nitrosothiols (RSNO), thereby altering protein structure and function. GSH and
Trx and associated redox enzymes, such as glutaredoxin (Grx), reverse these thiol modifications. Oxi-
dized GSH (GSSG) and oxidized Trx (Trx-S,) are reduced by GSH reductase (GR) and TrxR, respectively,
at the expense NADPH oxidation. The thiol-reducing activity of GSH and Trx is of key importance in
maintaining the enzymatic activity of members of the peroxiredoxin (Prx) and GSH peroxidase (Gpx)
enzymes, which remove peroxides. Additionally, GSH acts together with GSH S-transferases (GST
enzymes) to detoxify various xenobiotics, and Trx acts with methionine sulfoxide reductases to repair
oxidized methionines. GSNO is metabolized by the NADH-dependent GSNOR, which thereby shifts
the cellular equilibrium to disfavor protein SNOs, while Trxs and TrxRs denitrosylate proteins directly.

GSNHOH, N-hydroxy sulfenamide.

Notwithstanding the above observations, there is growing
evidence that Trx and GSH target different cysteines in the pro-
teome, supporting the existence of nonredundant functions (12,
13), as exemplified by the distinct mechanisms and roles of Trx
and GSH in protein denitrosylation (7). Whereas both GSH and
Trxs (Trx1 and -2 and Trx-related protein 14 [TRP14]) catalyze
the direct removal of NO groups from proteins, the activity of
GSH is dependent on a class of denitrosylases (S-nitrosoglutathi-
one reductases [GSNORs]), which metabolize the GSNO formed
in the denitrosylation reaction (7). The proteins that are deni-
trosylated by Trx- and GSH-dependent mechanisms are largely
nonoverlapping (7, 14, 15). Even among the denitrosylating Trxs,
substrate specificity is evident. This can also be understood by
virtue of subcellular distribution: Trx1 is cytosolic and Trx2 is
mitochondrial (16).

Oxidative and nitrosative stress
in the immune system: the
lymphocyte paradigm

Before considering the significance of ROS
and RNS and the Trx and GSH systems
in tumorigenesis and HIV infection, it is
important to first discuss the involvement
of these redox-active molecules in normal
cellular function. For this purpose, we focus
here on lymphocytes, which are critical
regulators of the anticancer and antiviral
immune responses, as a paradigm for thiol-
based redox control.

ROS play opposing roles in lymphocytes. While ROS are nec-
essary for lymphocyte activation and establishment of effective
antiviral and antitumor immunity, they also promote lymphocyte
senescence and cell death (for a recent review, see ref. 19). Lym-
phocyte activation involves the stimulation of cell-surface receptors
(e.g., the T cell receptor [TCR] complex) by antigens bound to the
MHC of specialized antigen-presenting cells (APCs) such as DCs
and macrophages. This antigen presentation process is accompa-
nied by a number of coordinated molecular events (e.g., CD80/86
interaction with CD28, and CD70 with CD27) that trigger an array
of signals, leading to proliferation (clonal expansion) of the acti-
vated lymphocyte and differentiation into specialized subsets (20).

Oxidants play an early role in lymphocyte activation events. An
oxidative burst occurs immediately upon the encounter with the
antigen (recently reviewed in ref. 21). This early oxidant burst leads
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to thiol oxidation that enables signal transduction (22). Oxidants also
act downstream of antigen sensing by promoting the activation of
transcription factors such as NF-«xB and nuclear factor of activated T
cells (NFAT) that facilitate the G /G, transition (19, 23). However, the
ROS burst may coincidentally activate apoptosis signal-regulating
kinase 1 (ASK1), which propagates a proapoptotic signal (19); conse-
quently, part of the activated lymphocyte population inevitably dies
(19). Thus, an effective immune response also entails an antioxidant
response that is needed for lymphocyte survival.

Trx and GSH contribute counterbalancing responses that
promote lymphocyte proliferation and survival (19, 23), reflecting
the context-specific nature of redox regulation. Trx upregulation
is observed in murine splenic B lymphocytes following the ini-
tial oxidative burst (24). Conversely, inhibition of the Trx system
impairs the mitogenic response of mouse splenocytes (25), favors
ASK1-mediated cell death of CD4* T lymphocytes (26), and down-
regulates costimulatory CD27 and CD28 molecules in T cells (26,
27). The GSH system is also necessary for efficient lymphocyte
proliferation. Notably, cystine, the rate-limiting factor in GSH bio-
synthesis, is supplied to lymphocytes during their encounter with
DCs (28, 29) and, upon activation, is taken up from the medium
through the cystine/glutamate antiporter x - (30). GSH facilitates
the proliferation of T lymphocytes (23) and is necessary for their
G,/S transition (31). GSH likely mediates its effects through post-
translational modification of proteins, particularly S-glutathiony-
lation (32) and S-nitrosylation (33), and by protecting DNA from
oxidative damage during replication (5, 7). Lymphocytes treated
with inhibitors of both Trx and GSH systems exhibit impaired
synthesis of DNA (10) and key proteins (e.g., a chain of the pro-
liferation-related IL-2 receptor) and eventually die, while limited
or incomplete effects are observed with either drug alone (34, 35).
Thus, the Trx and GSH pathways play important and complemen-
tary roles during lymphocyte activation and proliferation.

Antioxidant defenses gradually decrease during lymphocyte
differentiation, with memory T cells showing lower levels of intra-
cellular GSH than do naive cells (26). Accordingly, the memory T
cell subsets are most vulnerable to Trx inhibition and the resultant
apoptosis (in this case, p38 MAP kinase-mediated apoptosis) (26);
senescent CD27-CD28" T cells also demonstrate spontaneous p38
MAP kinase activation (36), which is an event linked to ROS pro-
duction. As will be discussed below, the susceptibility to oxidative
stress may represent an Achilles’ heel of memory T cell subsets.

Opposing actions of NO and S-nitrosylation have also been
observed during lymphocyte activation and differentiation. NO is
produced by the NOS family of enzymes, which include endothelial
(eNOS), neuronal (nNOS), and inducible NOS (iNOS) (37). Clas-
sically, iNOS is responsible for the production of NO in a variety
of immune cells, including macrophages and DCs, and was origi-
nally reported to suppress viral infection and cell death in human B
lymphocytes (38). DC-derived NO can freely diffuse to bystander
lymphocytes (37). However, while the exact roles of iNOS-derived
NO remain controversial in lymphocytes (37), an emerging body
of literature indicates that eNOS plays a central role at the immune
synapse. Antigen presentation is coupled to NO production in Th
cells via eNOS, which increases calcium and PI3K activity (39).
Thus, eNOS regulates the coalescence of the T cell coreceptor CD3
at the T cell-APC synapse to induce IFN-y synthesis and suppress
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IL-2 production. Perhaps through IFN-y, NO promotes the differ-
entiation of T lymphocytes into specific cell subsets (37) including
Tregs and Thl and Th9 cells (reviewed in ref. 37).

Whereas NO potentiates T cell signaling at the immune syn-
apse, coincident S-nitrosylation of Ras consequent upon TCR
engagement results in apoptosis (40). Thus, by direct analogy to
ROS, the activation of NO-based signaling in T cells is required for
cellular activation and proliferation but is also associated with cell
death. NO-induced growth inhibition and apoptosis of lymphocytes
has been well documented (reviewed in ref. 37). A proapoptotic
effect of NO in lymphocytes may be a consequence of either direct
activation of apoptotic signaling pathways (e.g., Ras/ERK, ref. 40;
and Fas, ref. 41) or of nitrosative stress (accumulation of S-nitrosy-
lated proteins to hazardous levels, ref. 42). In toto, these data set the
stage for important contributions of redox- and NO-based signaling
in immune responses against cancer and HIV, as discussed below.

The Trx and GSH systems in cancer

In recent years, there has been a growing appreciation that a cel-
lular nitroso-redox imbalance can promote tumor growth and
resistance to therapy. This imbalance involves not only the can-
cer cells themselves but also other cells that populate the tumor
and its microenvironment including cancer stem cells, vascular
cells, and immune cells (43-48). Increased cellular levels of ROS
and RNS can damage DNA and thereby promote carcinogenesis
(49, 50); consequently, antioxidant vitamins (C and E) and cellu-
lar reductants (Trx and GSH) have long been considered cancer-
suppressing molecules (51-53). However, mounting evidence has
shown that antioxidant supplementation fails to provide cancer
protection and might even increase cancer risk (54-56). These
observations are supported and rationalized by recent mechanis-
tic, interdisciplinary studies demonstrating that oxidative stress
can inhibit cancer progression and metastasis and that the GSH
and Trx systems may promote tumorigenesis and resistance to
therapy (51-53, 57-59).

Increased levels of Trx or TrxR have been detected in multiple
tumors (e.g., lung, breast, colorectal, pancreatic, hepatocellular,
gastric, myeloma, non-Hodgkin lymphoma, and acute lympho-
cytic leukemia) and in association with aggressive tumor behavior
(60-63). A recent study showed that mitochondrial TrxR contrib-
utes to tumor growth through the HIF-1 pathway (64), support-
ing the idea that mitochondrial redox signaling is important for
tumorigenesis. Conversely, the TrxR inhibitor auranofin partially
inhibits the growth of leukemia and relapsed Hodgkin lymphoma
cellsinvitro (65, 66). TrxR inhibitors may generally promote apop-
tosis or differentiation. Indeed, auranofin was shown to induce
apoptosis of acute promyelocytic leukemia cells in vitro and pro-
mote the differentiation of these cells when used in combination
with retinoic acid (67) — effects reminiscent of arsenicals, which,
apart from their main target, the promyelocytic leukemia protein,
also inhibit TrxR (68). Inhibition of the Trx system may also sensi-
tize cancer cells to ionizing radiation and chemotherapeutic drugs,
which have pro-oxidant effects (69, 70), and to the antitumor
effects of NO donor compounds, likely via S-nitrosylation (71, 72).
Additionally, auranofin administered as a single agent to patients
with chronic lymphocytic leukemia had a significant, albeit tran-
sient, cidal effect (73). A larger clinical trial has been completed,
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Figure 2. Model of the anticancer and anti-HIV effects of targeting the Trx and GSH systems. Left: Many cancer cells generate large amounts of ROS and
RNS but also have elevated antioxidant defenses, largely through upregulation of the Trx and GSH systems. Inhibition of TrxR by auranofin can lead to ele-
vated ROS and RNS levels, apoptosis, and decreased cell proliferation. However, when TrxR is inhibited, the GSH redox system often becomes upregulated,
eliminating ROS and RNS and acting as a backup system to reduce Trx. Exposure of cancer cells to auranofin and BSO disables both Trx and GSH systems,
severely compromising antioxidant capacity and leading to marked elevation of ROS and SNOs, which suppress cell proliferation and promote cell death.
Cell death is in part mediated by inhibition of ribonucleotide reductase (RNR) and through activation of the proapoptotic kinase ASK1. Right: HIV-infected
cells are characterized by elevated levels of ROS, coupled with decreased intracellular levels of antioxidant defenses (Trx, TrxR, and GSH). ART blocks

HIV replication and partially counteracts the effects of oxidative stress, but is unable to target the latently infected cells. Inhibition of TrxR by auranofin
increases oxidative (and potentially nitrosative) stress and apoptosis. TrxR inhibition also leads to a prodifferentiation effect on the latently HIV-infected
cells, driving them toward short-lived phenotypes (i.e., effector memory) and, ultimately, decreasing the viral reservoir. Auranofin and BSO impair lympho-
cyte activation and increase HIV-infected cell death. ROS variations are documented, whereas RNS variations are predicted. Arrows beside the names of
the molecules indicate the variation over time. SH, thiol.

and its results await publication (ClinicalTrials.gov identifier:  therapy is expected to start in Ulm, Germany, in 2016 (European
NCTO01419691). Auranofin is also being administered along with  Clinical Trials Database [EudraCT] number 2014-004197-42).
several other chemotherapeutics as a salvage therapy for recurrent ~ Collectively, these studies support the viability of Trx and TrxR
glioblastoma (74). A clinical trial of auranofin-based combination  inhibition as an anticancer strategy.

jci.org  Volume126  Number5  May 2016 1633


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/5

1634

REVIEW

The Journal of Clinical Investigation

Table 1. Preclinical susceptibility of various tumors to combined Trx and GSH inhibition

Cell lines
A549, H292, H1299
Rec-1, LY10, SUDHL6, U266, KMS-12-PE, Granta

Tumor
Lung carcinoma
B cell lymphoma/multiple myeloma

Breast cancer MDA-MB-231, SUM159
Leukemia Mec-1, AML-3, Molt-4
Head and neck cancer FaDu, Cal-27, SCC-25
Glioblastoma A172,LN229
Colorectal cancer HCT16
Histiocytic lymphoma U937

Cervical cancer Hela
Melanoma ARN8
Mesothelioma Phi

Primary cells Mice xenograft Synergism analysis References

X X 70,83

X X 89
X 83,93
X X 65, 83
X 91,92

83

X 83

83

n

94

95

The column “Synergism analysis” indicates that the references include a formal mathematical assessment of the synergistic effect between the drugs
used to inhibit the two pathways. In several other cases, synergism can be inferred from the data (e.g., no effect of single drugs and significant effect of
the combination). For a discussion of the antitumor activity of nonspecific inhibitors of Trx or GSH (e.g., arsenicals), see the text.

Blockade of the GSH system represents another poten-
tially important anticancer strategy (75). Like Trx, GSH content
increases during malignant transformation of lymphocytes and
other cell types (76, 77). Oncogenic transformation is associated
with an increased ratio of reduced GSH to oxidized GSH (78).
This change to a more reducing intracellular environment often
involves the transcription factor nuclear factor, erythroid-derived
2, like 2 (NRF2), which positively regulates antioxidant and detox-
ification enzymes (79), including enzymes needed for synthesis
and handling of GSH. Notable examples of enzymes associated
with malignant transformation include y-glutamylcysteine ligase
(also referred to as y-glutamylcysteine synthetase) (80), the target
of BSO, and glutathione S-transferases (GSTs) (81), which catalyze
the formation of thioether bonds between GSH and electrophilic
groups in xenobiotics. This mechanism of detoxification can lead
to the development of resistance against chemotherapeutic agents
(81). Tumorigenic effects of GSTs may also be mediated by inhi-
bition of phosphorylation of the transcription factor c-Jun, result-
ing in antiapoptotic effects (82). The important role of GSH and
GSH-associated enzymes in tumor development and progression
and drug resistance has been recently demonstrated in mouse
models. Specifically, Harris and colleagues demonstrated that
blocking GSH synthesis with BSO or through genetic approaches
inhibits the spontaneous development of lymphomas, sarcomas,
and breast tumors in mice (83). BSO was, however, ineffective when
malignant transformation had already occurred. Further analyses
supported the conclusion that the upregulation of Trx may have
compensated for the inhibition of GSH. More generally, despite the
lack of activity of BSO when used alone, inhibition of GSH synthe-
sis may find a place in rationally designed combination therapy. For
example, melphalan, which is detoxified by GST, showed synergis-
tic effects with BSO in a number of tumor lines (84). Moreover, BSO
and melphalan proved generally well tolerated in phase I clinical
trials involving advanced cancers (85, 86), the one exception being
in children with recurrent neuroblastoma (87). Of note, melphalan
was shown to inhibit TrxR in vitro, although this is probably not the
mechanism of action at physiological plasma concentrations, as
melphalan is principally an alkylating agent (88).
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Several studies, including the study by Harris and colleagues
(83), indicate that dual targeting of the GSH and Trx redox sys-
tems can result in powerful and synergistic antitumor effects.
This conclusion is in line with studies showing that BSO markedly
increased the effects of auranofin in leukemias and lymphomas,
including chronic lymphocytic leukemia (65), large B cell lym-
phoma (an HIV-associated malignancy), mantle cell lymphoma,
and in multiple myeloma (89). Potential redox-sensitive targets
implicated in the antitumor effects of GSH and Trx silencing
include ribonucleotide reductase (inhibition) and ASK1 (activa-
tion) (refs. 11, 90, and Figure 2). Recent evidence shows that glu-
cose metabolism (e.g., GAPDH) is also inhibited by the induction
of oxidative stress, which may impair the growth of tumors that
are reliant on glycolysis (59). Involvement of additional oxidized
or nitrosylated proteins is likely. The interrelation between the gly-
colytic pathway and Trx and GSH inhibition is also suggested by in
vitro and in vivo data: the glycolysis inhibitor 2-deoxy-D-glucose
(2DG) enhanced the antitumor effect of the combination of aura-
nofin and BSO in a mouse xenograft model (70). Taken together,
these and other studies support the idea that dual inhibition of
the GSH and Trx pathways may represent an effective anticancer
approach against tumors of multiple origins (refs. 11, 65, 70, 83,
89, 91-95, and Table 1). Notably, the combination of auranofin and
BSO has been well tolerated in macaques and mice (70, 96), indi-
cating that it may also be tolerated in patients.

Treating HIV/AIDS by increasing oxidative stress:
results from in vitro and in vivo models

HIV and AIDS exhibit interesting similarities with cancer in
terms of redox regulation and the history of its therapeutic
exploitation, starting from the failure of antioxidant-based
therapies and culminating in novel therapeutic strategies based
on dual inhibition of the Trx and GSH systems. Classic studies
conducted by the Droge group and later confirmed by several
independent investigators showed that intracellular levels of
GSH were significantly reduced in HIV* individuals and that this
reduction was coupled with decreased levels of cystine in plasma
(reviewed in ref. 97). The net result was oxidative stress that is
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Figure 3. Hypothesized bottleneck mechanism for the enhancement of cell-mediated immunity following inhibition of the Trx and GSH systems. A pro-
fessional APC (DC) can phagocytize a foreign pathogen (HIV), degrade it into peptidic antigens, and present these antigens to naive lymphocytes. Because
of high mutation rates, HIV antigens are characterized by high variability, with the exception of highly conserved, essential proteins, which are conse-
quently well represented in a typical viral population. Following antigen presentation, the lymphocyte becomes activated and primed toward a specific
antigen. During the progression of HIV infection (upper panel), the lymphocyte clones specific for conserved antigens (red halo in the figure) are reduced

in frequency due to the accumulation of “nonfunctional clones” directed against increasingly mutated antigens (green and gold halos). When Trx and GSH
systems are inhibited, lymphocyte activation is impaired, and the majority of activated lymphocyte clones undergo stochastic apoptosis. The more fre-
quently represented clones have a selective advantage in survival as a result of their numbers. This leads to a bottleneck effect that can favor repopulation
by those lymphocytes primed against the most frequently represented (conserved) antigens.

linked to increased viral replication (98, 99). These findings
paved the way for several clinical trials aimed at boosting anti-
oxidant defenses. Numerous compounds were tested, including
N-acetylcysteine (a thiol antioxidant, denitrosylating agent and
a precursor of GSH); vitamins A, C, and E; and zinc, selenium,
and several carotenoids. This trend paralleled the wave of stud-
ies of antioxidant therapies for cancer, with similarly disappoint-
ing effects on disease progression (in this case measured by viral
load and CD4 counts) (100-102).

The subsequent success of combined antiretroviral therapy
(ART) led to a decline in interest in alternative or complementary
therapeutic approaches using agents such as antioxidants. How-
ever, while ART transformed a deadly disease into a manageable
chronic condition, antiretroviral drugs proved unable to cure HIV
infection, and the incidence of AIDS-related conditions, including
cancer and heart disease, remains high in ART-treated individu-
als (103). The inability to cure HIV/AIDS resides in the fact that
HIV persists in latently infected memory T cells (104), thus com-
mitting patients to lifelong therapy (105). In its dormant form, the
virus, integrated within the host genome, is sheltered from both
the immune system and antiretroviral drugs (104). Latent virus
can survive for years in central and transitional memory T cells,
and mathematical estimates suggest that viral reservoirs persist
for more than 70 years (105). Latent proviral DNA may also spread
through low-level antigenic activation and homeostatic prolif-
eration of memory T cells, thus increasing the number of provi-
ral DNA copies within the organism (104). Although not directly

harmful, the HIV reservoir cell population does represent a danger
for the host, as the virus can become reactivated following suspen-
sion of therapy (104). The population of latently infected cells liv-
ing and proliferating within the organism may share an interesting
similarity with cancer.

This paradigm of viral persistence has had important implica-
tions for the reevaluation of the role of oxidative and nitrosative
stress in HIV infection (Figure 2). While increases in oxidative
stress favor productive viral replication, antioxidant defenses
favor the development and maintenance of latency (106-108).
Under this model, inflammatory stimuli increase the activity of
the transcriptional activators NF-kB and NFAT, which are required
for the transcription of viral genes (109, 110) and p53, which coin-
cidently mediates apoptosis (111). Antioxidants may therefore
silence transcriptional activity (109, 110), while pro-oxidants,
such as arsenic trioxide, may reactivate the viral reservoir (112).
By the same token, both NO donors and endogenously generated
NO may stimulate HIV reactivation (113). Relatedly, Kahn et al.
(114) showed that anticancer conditioning agents (doxorubicin,
etoposide, fludarabine phosphate, or vincristine) were able to
induce HIV escape from latency and that this was associated with
increased apoptosis rates (114). It is interesting to note that these
drugs have been reported to induce oxidative stress (115-117),
corroborating previous findings suggesting that the viral reser-
voir may be redox responsive and could potentially be eliminated
by pro-oxidant drugs (118). The case of Mr. Timothy Brown (the
“Berlin patient”), who was famously cured of HIV after a hemato-
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poietic stem cell transplant to treat acute myeloid leukemia, may
be instructive. The therapeutic approach was based on an initial
conditioning regimen (which included the TrxR inhibitor cyclo-
phosphamide), followed by heterologous stem cell transplantation
from a donor carrying a mutation that confers resistance to HIV
infection (119). Following suspension of ART, the virus was appar-
ently eradicated (119).

That induction of oxidative or nitrosative stress is a prom-
ising therapeutic strategy for HIV/AIDS is shown by studies of
ART-treated macaques that were chronically infected with the
HIV homolog SIVmac251 (35, 96). In these studies, the combined
inhibition of the Trx and GSH systems, obtained with auranofin
and BSO coupled with a potent ART regimen, induced a func-
tional cure, i.e., long-term, drug-free control in the absence of
disease progression (120). This state has been maintained for
at least two years following the suspension of all drugs, with fol-
low-up still ongoing (35). The mechanism of action of auranofin
and BSO is likely three-fold (Figures 2 and 3). First, auranofin
causes a reduction in the viral reservoir as a direct consequence
of the proapoptotic and prodifferentiating effects of auranofin on
memory T cells (26, 27) harboring the bulk of latent virus (ref. 104
and Figure 2). Second, auranofin and BSO deplete the activated
lymphocyte population that is the main target of HIV and whose
levels are associated with a poor prognosis (recently reviewed in
refs. 121, 122, and Figure 2). Third, and perhaps most important,
the drugs boost immunity against the conserved sequences of the
viral capsid Gag protein (Figure 3). Indeed, when this immunity
was inhibited by temporary depletion of CD8* cells, the control of
the virus was lost, thereby establishing causality (35).

Modulation of immune activation by inhibition
of Trx and GSH systems: anticancer and anti-HIV
immune responses

The notion that inhibition of lymphocyte proliferation by aurano-
fin and BSO enhances T cell-mediated immune responses against
SIV and HIV may seem paradoxical at first glance. However, evi-
dence that selective lymphocyte subset inhibition may improve
cell-mediated immunity is supported by studies conducted in
cancer patients in whom tumor-specific immunity is enhanced by
cytotoxic agents that cause transient lymphopenia (reviewed in
ref. 123). Notably, a number of these cytotoxic agents have redox-
based activity. Some directly inhibit Trx and GSH systems (e.g.,
melphalan, arsenicals), others increase ROS (e.g., the histone
deacetylase inhibitor vorinostat, ref. 124), while others mimic the
effects of Trx and GSH inhibition on some key targets (e.g., ribo-
nucleotide reductase inhibitors) (125).

How decreases in lymphocytes, although transient, may result
in enhanced and more efficient immunity remains a matter of
debate. Transient lymphodepletion has been observed to be asso-
ciated with a lymphocyte recovery characterized by an “effector
phenotype” (e.g., CD27-CD95* T lymphocytes), i.e., a population
of cells that can mount a specific immune response (reviewed in
ref. 123). This may be due to the removal of immune inhibitory cell
types such as Tregs (123).

A prodifferentiating effect of lymphocyte-depleting therapies
(as seen with auranofin and BSO) is another possibility. In par-
ticular, a prodifferentiating effect of auranofin in T lymphocytes
Volume 126 Number 5
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has recently been published by some of us (26). The mechanism
can be decoupled from an H,0,-independent proapoptotic effect.
Ingenuity pathway analysis has shown that one likely mediator of
differentiation is TCR-associated ¢-chain protein kinase 70 kDa
(ZAP70), a cysteine-rich protein that mediates the activation and
differentiation of lymphocytes. Nitrosative stress can also medi-
ate prodifferentiation effects. The cytokine IFN-y may also be
involved in this phenomena through NO-based mechanisms that
favor the switch to a Th1 phenotype (i.e., a cytotoxic cell-mediated
response) (126,127).

GSH depletion does not increase the prodifferentiation effect
induced by TrxR inhibition (35), but may alter the intrinsic immu-
nogenic properties of target cells, potentially by acting on death
receptors. In this regard, treatment of drug-resistant leukemia
cells with BSO induces the formation of the CD95 death-inducing
signaling complex (128). Other lymphocyte-depleting chemother-
apeutic regimens, which interfere with GSH, increase the expres-
sion of death receptors (123).

Finally, mathematical modeling may aid in understanding
the lymphodepletion and immune control paradox (129, 130),
as mediated by auranofin and BSO. One insight relates to the
removal of ineffective immune-dominant responses (131), which
can be best understood in terms of a “bottleneck” effect on T cell
survival following suspension of ART if lymphocyte activation is
inhibited at the time of viral rebound. In this model, the tempo-
rary depletion of activated T lymphocytes, as seen with auranofin
and BSO, would lead to the elimination of clones directed against
HIV (Figure 3). This could spark a renewal of the lymphocyte
populations that favor the development of immunity against anti-
gens most frequently encountered by newly produced T cells (i.e.,
evolutionarily conserved antigens), which are least susceptible
to escape mutations (Figure 3). The possibility of similar bottle-
neck effects on the boosting of cell-mediated immunity may also
deserve consideration in the cancer setting.

Concluding remarks

The studies reviewed in this article support the premise that
decreasing, rather than increasing, the cellular defenses against
ROS and RNS results in an enhanced immune response and thus
presents a viable anticancer and anti-HIV strategy. Oxidative and
nitrosative stress-inducing drugs, of which auranofin, BSO, and
arsenic oxides are prototypes, may represent a new frontier in
cancer and HIV research. It should be emphasized that HIV/AIDS
is associated with multiple types of cancer (103), and although
the introduction of ART has led to a dramatic improvement in
the prognosis of HIV infection, the incidence of cancer in HIV-
infected patients has remained high. This is particularly evident
in countries with a high incidence of HIV such as South Affica,
where HIV and lymphoma comorbidity is a huge societal prob-
lem (132,133). Clinical trials of Trx and GSH pathway inhibitors in
individuals affected by HIV and lymphoma should be considered.
The strategy should ideally be tested first in HIV-infected individ-
uals, given the availability of safety and efficacy data in a phyloge-
netically close animal model, i.e., SIV-infected macaques, which
closely recapitulate the disease progression and virus persistence
seen during ART (134, 135). A phase II clinical trial that includes
a treatment arm with ART and auranofin (but without BSO) is
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ongoing in Brazil (Ricardo Diaz, principal investigator; Fundagao
de Amparo a Pesquisa do Estado de Sdo Paulo [FAPESP], grant
no. 13/11323-5). This trial will help to estimate the effects of aura-
nofin on the viral reservoir and may pave the way for a trial of
combined Trx and GSH inhibition in HIV-infected individuals
undergoing ART. The HIV trials will furnish important data to

ROIGM099921).

guide future trials in cancer patients. Further studies based on

molecular markers and metabolic pathway analyses mapping the
susceptibility of different tumors to Trx and GSH inhibition will
be necessary in order to optimally combine this line of drugs with

current chemotherapeutics.
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