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Abstract

Dietary selenium (]Se), mainly through its incorporation into selenoproteins, plays an important role in inflam-
mation and immunity. Adequate levels of Se are important for initiating immunity, but they are also involved in
regulating excessive immune responses and chronic inflammation. Evidence has emerged regarding roles for
individual selenoproteins in regulating inflammation and immunity, and this has provided important insight into
mechanisms by which Se influences these processes. Se deficiency has long been recognized to negatively impact
immune cells during activation, differentiation, and proliferation. This is related to increased oxidative stress, but
additional functions such as protein folding and calcium flux may also be impaired in immune cells under Se
deficient conditions. Supplementing diets with above-adequate levels of Se can also impinge on immune cell
function, with some types of inflammation and immunity particularly affected and sexually dimorphic effects of Se
levels in some cases. In this comprehensivearticle, the roles of Se and individual selenoproteins in regulating
immune cell signaling and function are discussed. Particular emphasis is given to how Se and selenoproteins are
linked to redox signaling, oxidative burst, calcium flux, and the subsequent effector functions of immune cells.
Data obtained from cell culture and animal models are reviewed and compared with those involving human
physiology and pathophysiology, including the effects of Se levels on inflammatory or immune-related diseases
including anti-viral immunity, autoimmunity, sepsis, allergic asthma, and chronic inflammatory disorders. Finally,
the benefits and potential adverse effects of intervention with Se supplementation for various inflammatory or
immune disorders are discussed. Antioxid. Redox Signal. 16, 705-743.
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l. Introduction

SELENIUM (Se) is an essential micronutrient that is impor-
tant for various aspects of human health, including proper
thyroid hormone metabolism, cardiovascular health, pre-
vention of neurodegeneration and cancer, and optimal im-
mune responses. Very low (deplete) or very high (toxic) levels
of Se intake can be detrimental or possibly fatal. Extreme
deficiency or toxicity is not commonly found in humans, but
selenosis has been reported in cases of miscalculated supple-
ment formulations, suicides, accidental overdose, or inten-
tional poisoning (150, 177, 238). That said, less overt changes
in Se status within an individual may still affect inflammation
and immune responses. The biological effects of Se are mainly
exerted through its incorporation into selenoproteins, and
selenoproteins are involved in the activation, proliferation,
and differentiation of cells that drive innate and adaptive
immune responses. Dietary Se and selenoproteins are not only
important for initiating or enhancing immunity, but they are
also involved in immunoregulation, which is crucial for pre-

venting excessive responses that may lead to autoimmunity
or chronic inflammation. It should be noted that most studies
in the literature involve modifications to dietary Se, and in-
sights into mechanisms often are not clear, but roles for in-
dividual selenoproteins and mechanisms are discussed when
data are available.

On a cellular level, dietary Se may influence various leu-
kocytic effector functions including adherence, migration,
phagocytosis, and cytokine secretion. Several members of the
selenoprotein family regulate or are regulated by cellular re-
dox tone, which is a crucial modulator of immune cell sig-
naling and function. There are also important links between
selenoproteins and calcium (Ca**) flux, which is regulated by
and regulates the oxidative burst required for optimal im-
mune cell activation. New insights have been gained into
specific roles for individual selenoproteins in modulating
immune receptor-mediated signaling pathways linked to
Ca”* flux and oxidative burst, inducing cytokine production,
migration, and other cellular processes. This article will de-
scribe redox-based mechanisms that affect these cellular
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processes during inflammation and immunity, and how Se
and selenoproteins are involved in those processes. The im-
pact of Se on immune-related human physiology and patho-
physiology is also discussed, with emphasis placed on
disorders related to immunity and chronic inflammation. It
should be noted that health issues such as hypertension and
cardiovascular diseases have been extensively covered in
other reviews (141, 183, 245), and are not included in this
article. Finally, issues are raised as to how Se supplementation
may be best utilized to enhance or modulate certain types of
inflammation and immune responses.

Il. Bioactive Forms of Se and Their Effects

Dietary Se is essential in trace amounts and is attained
through a wide variety of food sources including grains,
vegetables, seafood, meats, dairy products, and nuts (68). The
major form of Se ingested by humans is selenomethionine (Se-
Met), although other forms of Se are present in foods. Dietary
Se may exert some of its biological effects through small-
molecular-weight selenocompounds. For example, both sele-
nite and Se-Met may be metabolized into methylated Se
compounds, some of which have cancer chemopreventive
effects (113). One example is the inhibition histone deacetylase
(HDAC) activity in diffuse large B-cell ymphoma cell lines by
methylseleninic acid and the toxic effects this may exert in
chemoprevention (125). In addition, some studies have used
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the selenoorganic compound, ebselen, to show that macro-
phage and dendritic cell functions are affected by this small-
molecular-weight selenocompound (156, 229). However, there
are very few studies that investigate the effects of seleno-
compounds on inflammation or immunity, and most of the data
regarding the biological activity of Se is related to its incorpo-
ration into selenoproteins. Thus, this article will mainly focus on
the role of selenoproteins in exerting the effects of dietary Se on
inflammatory and immune responses. Se is often referred to as
an antioxidant, mainly due to the role of certain selenoproteins
in detoxifying hydrogen peroxidase or reversing the effects of
oxidized lipids or methionine residues. In addition, certain se-
lenoproteins are crucial for regenerating reduced forms of
thioredoxin to maintain balanced levels of reduced/oxidized
molecules within cells (cellular redox tone) as described in
greater detail next. However, there are selenoproteins that are
not directly involved in antioxidant functions, and these need to
be considered when determining how alterations in Se intake
affect cellullar processes or health outcomes.

lll. Incorporation of Dietary Se into Selenoproteins

Within all cell-types there exists a complex selenoprotein
biosynthesis pathway (Fig. 1), into which dietary Se is ulti-
mately shuttled (5). Selenoproteins contain the 21st amino
acid, selenocysteine (Sec), which is co-translationally inserted
during protein synthesis. Selenoprotein biosynthesis is

FIG. 1. Selenoprotein syn-
thesis. The process is initiated
by the charging of serine (Ser)
onto a dedicated tRNA
(tRNAserISeey o generate Ser-
tRNAS*, The seryl residue of
Ser-tRNA®* is enzymatically
phosphorylated, and then is
converted to Sec-tRNA us-
ing monoselenophosphate as a
donor of Se. The Sec-tRNA%
is used to transfer Sec into
nascent selenoproteins  co-
translationally ~ through a
mechanism that requires sev-
eral dedicated cis elements
present in the selenoprotein
mRNA (SECIS element) and
protein factors that act in trans
including SBP2 and EFsec and
others. This results in recoding
UGA from a stop codon to a
Sec-insertion codon and the
resulting protein contains the
Sec amino acid, which is uti-
lized by selenoproteins for
various biological processes.
Sec-tRNASec,  selenocysteyl-
tRNASec; Se, selenium; SBP2,
SECIS-binding protein 2; SE-
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initiated by the charging of serine (Ser) onto a dedicated tRNA
(tRNA5) to generate Ser-tRNA®*. The seryl residue of Ser-
tRNAS* is phosphorylated by phosphoseryl-tRNASerISee i
nase (Pstk), and is then converted to selenocys’ceyl-tRNASeC
(Sec-tRNAS*) using monoselenophosphate (Se-p) as a donor
of Se. The Sec-tRNA>* is used to transfer Sec into nascent
selenoproteins co-translationally through a mechanism that
requires dedicated cis elements present in the selenoprotein
mRNA (e.g., selenocysteine insertion sequence, SECIS) and
protein factors that act in trans including SECIS-binding
protein-2 (SBP2) and a Sec-specific translational elongation
factor (EFsec) and others (239). This results in recoding UGA
from a stop codon to a Sec-insertion codon, and the resulting
protein contains the Sec amino acid, which is utilized by se-
lenoproteins for various biological processes.

IV. The Selenoprotein Family
A. An overview of selenoproteins

In humans, there are a total of 25 human genes encoding
selenoproteins (134), 24 of which exist as Sec-containing
proteins in mice and rats. Selenoprotein expression is essential
for life as demonstrated by the generation of mice lacking Sec-
tRNASee required for translation of all selenoproteins, which
was embryonic lethal (22). However, knockout mouse models
of individual selenoprotein genes generated to date suggest
that only some are embryonic lethal (Gpx4, Txnrdl, and
Txnrd2) or severely impair fertility (Dio3 and SelP). Although
broadly classified as antioxidants, selenoproteins actually
exhibit a wide range of tissue distribution, cellular locations,
and functions (Table 1). Functions for several selenoproteins
remain unclear or altogether unknown. However, the pace of
discovery is quickening regarding selenoprotein functions
and as more biological roles are identified, the effects of Se
levels on physiological or pathophysiological processes will
be better understood.

B. Selenoprotein functions

1. Glutathione peroxidases. The glutathione peroxidase
(GPX) selenoenzymes in humans consist of eight isoforms, but
only six (GPX1-6) contain Sec. The first selenoprotein identi-
fied in mammals was GPX1 (cellular GPX) (208). Other
members of this subfamily include GPX2 (intestinal GPX),
GPX3 (plasma GPX), and GPX4 (phospholipid GPX). GPX1
and GPX4 are expressed in most tissues, whereas GPX2 is
expressed mainly at the epithelium of the gastrointestinal
tract, and GPX3 is synthesized predominately in kidney,
heart, and thyroid gland. Of these four GPX enzymes, only
GPX3 is secreted for circulation or for use in plasma, in ex-
tracellular spaces, or by neighboring cells. In fact, GPX3 ac-
counts for 20%—40% of total plasma Se in humans (131). GPX6
is a selenoprotein in humans (in mice, Gpx6 contains cysteine
(Cys) instead of Sec) that is localized to olfactory epithelium
and embryonic tissues (134). The GPX enzymes utilize Se at
their active sites to detoxify reactive oxygen species (ROS)
including hydrogen peroxide (H,O,) and phospholipid hy-
droperoxide. GPX1 and 4 are among the most abundant se-
lenoproteins in several immune cells and tissues (36, 104).

2. Thioredoxin reductases. The thioredoxin reductase
(TXNRD) enzymes are another well-characterized subfamily
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of selenoproteins that perform an essential redox role by re-
generating reduced thioredoxin (TXN or TRX) within cells
(147, 251). TXN is a small redox active protein distributed
ubiquitously in various mammalian tissues and cells that
serves to reduce oxidized moities (e.g., Cys—Cys disulfide
bonds), and the TXN/TXNRD system is one of the most im-
portant mechanisms for regulating cellular redox balance
(108). TXNRDs include cytoplasmic/nuclear TXNRD1 (also
called TR1 or TRXR1) that reduces TXN1, mitochondrial
TXNRD2 (also called TR3 or TRXR?2) that reduces TXN2, and
testes-specific thioredoxin-glutathione reductase (also called
TXNRD3, TR2, TRXR3, or TGR). The essential roles of Txnrd1
and 2 during development are evident by studies in mice
demonstrating that genetic deletion of either is embryonic
lethal (44, 117). TXNRDI1 is particularly important for main-
taining redox tone in immune cells through regeneration of
reduced cytosolic TXN1. Txnrd1 is the most abundant sele-
noprotein in mouse macrophages and is upregulated by ac-
tivation with lipopolysaccharide (LPS) (35).

3. Deiodinases. The iodothyronine deiodinase family is
central for thyroid hormone regulation and consists of three
enzymes: types 1, 2, and 3 (DIO1, 2, and 3) (219). Thyroid
hormone action is initiated by the activation of thyroxine or
3,35, 5'-tetraiodothyronine (T4) prohormone to liothyronine
or 3,3’ ,5-triiodothyronine (T3), which is carried out by DIO1
or DIO2. T4 and T3 are irreversibly inactivated in a reaction
catalyzed by DIO3. All three deiodinases are expressed in a
number of fetal and adult tissues, with minimal expression
detected in immune cells. However, levels of active thyroid
hormone may affect systemic Se available for selenoprotein
sythesis in a variety of tissues, including those involved in
immune responses (172). In this sense, the DIO enzymes may
have important indirect roles in inflammation and immunity.

4. Selenoprotein P. Selenoprotein P (SELP or SEPP1) is
unique in that it contains multiple Sec residues (up to 10 per
SELP and Selp molecule in humans and rodents, respectively).
SELP has been shown to play an important role in the transport
of Se through the plasma to certain tissues, with the testes and
brain particularly dependent on SELP for adequate Se levels
(32, 101, 212). SELP is synthesized in several different tissues,
but hepatically derived SELP serves as a key Se transporter.
Hepatic SELP is secreted into plasma, which then influences
whole-body Se homeostasis (222). Interestingly, studies in mice
have shown that expression of liver SELP is higher in women
compared with men (220). There is mounting evidence that
SELP not only transports Se but also performs crucial antioxi-
dant functions, which are particularly important for certain
immune functions as discussed in greater detail next.

5. Selenoproteins K and S. Two selenoproteins related
to inflammation and immunity include the endoplasmic re-
ticulum (ER) transmembrane proteins, SELK and SELS. Both
of these proteins have been proposed to play a role in pro-
tecting cells during conditions that lead to ER stress. For SELS,
this appears to be related to its role in retrograde translocation
of misfolded proteins from the ER (80). However, the link
between SELK and ER stress has only been demonstrated in
the HepG2 cell line with no defined in vivo role for SELK in
modulating this process (60). Our laboratory recently re-
vealed the requirement of SELK in promoting Ca®* flux
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TABLE 1. SUMMARY OF SELENOPROTEINS

Selenoprotein Abbreviation(s) Function and significance
Cytosolic glutathione GPX1 GPX1 knockout is more suseptible to oxidative challenge.
peroxidase Overexpression of GPX1 increases risk of diabetes.
Gastrointestinal glutathione =~ GPX2 GPX1/GPX2 double knockout mice develop intestinal
peroxidase cancer, one allele of GPX2 added back confers protection.
Plasma glutathione GPX3 Important for cardiovascular protection, perhaps through
peroxidase modulation of nitrous oxide levels; antioxidant in
thyroid gland.
Phosholipid hydroperoxide GPX4 Genetic deletion is embryonic lethal; GPX4 acts as crucial
glutathione peroxidase antioxidant, and sensor of oxidative stress and
proapoptotic signals.
Olfactory glutathione GPX6 Importance unknown.

peroxidase
Thioredoxin reductase

type I
Thioredoxin reductase

type I
Thioredoxin reductase
type III
Deiodinase type I
Deiodinase type II
Deiodinase type III
Selenoprotein H

Selenoprotein I
Selenoprotein K

Selenoprotein M,
Selenoprotein 15
Selenoprotein N

Selenoprotein O

Selenoprotein P

Selenoprotein R
Selenoprotein S

Selenoprotein T
Selenoprotein V
Selenoprotein W
Selenophosphate
synthetase

TXNRD1, TrxR1, TR1
TXNRD2, TrxR2, TR3

TXNRD3, TRxR3,
TR2, TGR

D1, DIO1

D2, DIO2

D3, DIO3

SELH

SELI, hEPT1
SELK

SELM, SEP15

SELN, SEPN1, SepN

SELO

SELP, SEPP

SELR, MsrB1

SELS, SEPS1,
SELENOS, VIMP

SELT

SELV

SELW, SEPW1

SPS2

Localized to cytoplasm and nucleus. Genetic deletion is
embryonic lethal.

Localized to mitochondria. Genetic deletion is
embryonic lethal.

Testes-specific expression.

Important for systemic active thyroid hormone levels.
Important for local active thyroid hormone levels.
Inactivates thyroid hormone.

Nuclear localization, involved in transcription. Essential
for viability and antioxidant defense in Drosophila.

Possibly involved in phospholipid biosynthesis.

Transmembrane protein localized to endoplasmic
reticulum and involved in calcium flux in immune cells.

Thiol-disulfide oxidoreductases localized to endoplasmic
reticulum. Possibly involved in protein-folding.

Potential role in early muscle formation; involved in
RyR-related calcium mobilization from ER; mutations
lead to multiminicore disease and other myopathies.

Contains a Cys-X-X-Sec motif suggestive of redox function,
but importance remains unknown.

Selenium transport to brain and testes—SELP knockout
leads to neurological problems and male sterility. SELP
also functions as intracellular antioxidant in phagocytes.

Functions as a methionine sulfoxide reductase and SELR
knockouts show mild damage to oxidative insult.

Transmembrane protein found in plasma membrane
and endoplasmic reticulum. May be involved in ER stress.

Endoplasmic reticulum protein involved in calcium mobilization.

Testes-specific expression.

Putative antioxidant role, perhaps important in muscle growth.

Involved in synthesis of all selenoproteins, including itself.

during the activation of several types of immune cells (256).
This role is independent of ER stress and affects Ca®"-
dependent effector functions of T cells, neutrophils, and
macrophages. In addition, Selk is particularly sensitive to Se
status in human peripheral leukocytes (192), which further
suggests that this selenoprotein may have a special role in
immune cells separate from potential ER stress-related func-
tions. Specific functions for SELK and SELS and their rela-
tionship to redox signaling during inflammation and
immunity are discussed ingreater detail next.

6. Other selenoprotein family members. What defines
members of the selenoprotein family is the incorporated Sec
residue, but how the different selenoproteins functionally
utilize Sec is quite diverse. Some biological functions include

transcriptional regulation (SelH), phospholipid synthesis
(SELI), protein-folding (SELM and SEP15), methionine sulf-
oxide reduction (SELR), and the biosynthesis of selenopro-
teins (SPS2). Most of these functions are necessary for proper
functioning of most tissues and cell types, including those
involved in immune responses. Functions for several seleno-
protein family members remain unclear or unknown.

C. The hierarchy of selenoprotein expression

With moderate Se deficiency, it has been suggested that
expression of nonessential selenoproteins are preferentially
lost, whereas essential selenoproteins are maintained (160). In
addition, under Se deficient conditions, not all tissues are
equivalently supplied with the limited amounts Se (221).
Tissues such as the thyroid gland and brain maintain Se levels
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during deficiency, and tissues such as those of the immune
system exhibit a more rapid decline in bioavailable Se leading
to lower selenoprotein synthesis. These concepts are often
referred to as “the hierarchy of selenoprotein synthesis” and
should be carefully considered when investigating the effects
of low Se status on immune responses or other aspects of
human health. In the same manner, increasing dietary Se
leads to more bioavailable Sec-tRNA®* required for transla-
tion of all selenoproteins, but expression of some selenopro-
teins are increased at higher levels than others. This is likely
due to differences in stability of the individual selenoprotein
mRNAs, which leads to higher representation within the total
selenoprotein mRNA pool. However, there are bound to be
other factors that give certain selenoprotein mRNAs more
access to increased Sec-tRNA>* during Se supplementation.
In fact, genotype and other metabollic factors are likely to
influence how Se supplementation affects increased synthesis
of different selenoproteins in different tissues (43).

V. Selenoprotein Expression in Immune Tissues
and Cells

A. Tissue and cellular distribution
under physiological conditions

Immune cells express many, but not all, members of the
selenoprotein family. Within cells of the immune system, se-
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lenoproteins within immune cells perform antioxidant func-
tions, carry out protein folding, promote certain cell signaling
events during activation, or serve to carry out as of yet un-
defined functions. The most abundant selenoprotein mRNAs
in mouse spleen include Gpx1 and 4, Selw, Selk, and Sep15
(104). When T cells from mouse spleen were analyzed sepa-
rately from other splenocytes, the most abundant transcripts
included Gpx1 and 4, Sep15, Selp, and Selk (36). Our analyses
of human peripheral blood T cells suggest not only some
similarities between human and mouse T cells, but some
differences as well (Fig. 2). For example, in both species, there
is a high abundance of GPX1 and 4, SEP15 and SELT mRNAs,
but Selp mRNA is much more abundant in mouse compared
with human T cells. In mouse macrophages, Gpx1 and 4,
Sep15, Selp, Selk, Selr, and Txnrdl are the most abundant
mRNAs detected (35). Thus, T cells and macrophages from
mice are quite similar in patterns of selenoprotein expression.
These studies collectively indicate that several selenoprotein
mRNAs such as DIO1, 2, and 3, as well as GPX2 and SELV are
not detectable in lymphoid tissues or cells, and several are
expressed at very low levels. In this sense, immune cells do
not differ greatly from most other cell types in their patterns of
selenoprotein expression, with redox-regulating and protein-
folding selenoproteins expressed at the highest levels. One
exception to this notion is SELK, which appears not to exhibit
oxidoreductase properties found in antioxidant or protein-

0.1

008

0.06

Relative mRNA Level

008

0.02

ar
& §& K g

Primary Human T cell Selenoproteins

T cell selenoprotein
mRNA expression
(most to least abundant) |
Human Mouse
GPX4 Gpx1
SELH Sepls
GPX1 Gpx4
SEP15 SelP
SPS2 Selk
SELT SelT
SELW SelH
SELK SelS
SELM SelR
SPS1 Sps2
SELN Txnrdl
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FIG. 2. Comparison of the selenoprotein transcriptome in human and mouse T cells. Total RNA was extracted from T
cells from a normal healthy volunteer and real-time polymerase chain reaction was performed with primers as previously
described (240). Levels of each mRNA were normalized to the housekeeping mRNA, ubiquitin ¢, and the relative abundance
compared with published results for mouse T cells (36). Results show some similarities between human and mouse T cells,
with the most abundant mRNAs common to both species. One exception to this is SelP, which is much higher in relative

abundance in mouse T cells compared with humans.
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folding selenoenzymes. Selk protein is expressed at particu-
larly high levels in mouse immune tissues (256), thus sug-
gesting an important role for this selenoprotein in the immune
system and this is further discussed next. It would be valuable
to conduct similar comparisons of different tissues for other
selenoproteins at the level of protein expression. It is also
important to note that the hierarchal control of selenoprotein
expression in T cells may be influenced by both dietary Se
levels and the activation or differentiation state of the cells.
Selenoproteins expressed at low levels in naive T cells may be
increased in expression levels on activation or may be retained
at high levels in memory T cells. These types of changes may
reveal important roles of some of the selenoproteins in Figure
2 expressed at relatively low levels.

B. Selenoprotein expression in immune cells
and tissues in response to Se changes

Similar to other cell types, immune cells respond to in-
creased dietary Se by increasing expression of many seleno-
proteins, although not all selenoproteins are equivalently
affected. T cells from mice fed diets with increasing Se content
(from 0.08 to 1.0 ppm for 8 weeks) exhibited higher Gpx1 and
Txnrd1 activity (102). Similar results were obtained in human
studies involving Se supplementation (50 or 100 ug/day as
sodium selenite) in which both GPX1 and GPX4 activity were
increased in lymphocytes from supplemented individuals
compared with nonsupplemented controls (29). In a recent
study involving humans receiving enriched Se diets (50-
200 ug/day Se-enriched yeast or 50g/day Se-enriched on-
ions) or placebos, higher Se diets increased mRNA levels for
SELR, SELW, and SELS in peripheral blood mononuclear cells
(PBMCs) (88). Se-enriched onions were more effective than
Se-enriched yeast supplements in increasing all three seleno-
protein mRNAs, thus emphasizing that the form of Se sup-
plementation does influence the bioavailability of Se to the
immune system.

Microarray studies have investigated the effects of Se de-
ficiency on global gene expression and found that certain se-
lenoprotein mRNAs in immune tissues are decreased more
than others under Se deficient conditions. For example, the
colon is lined with gut-associated lymphoid tissues, and mice
fed moderately deficient (0.08 ppm Se) or adequate (0.15 ppm
Se) Se diet for 6 weeks were analyzed for mRNA and Se de-
ficiency caused a decrease in colonic Selw, Gpx1, Selh, and
Selm mRNA (129). In addition, decreased in these tissues
were mRNAs for inflammatory pathways, including tumor
necrosis factor o (TNF-o) and interleukin 2 (IL-2). Interest-
ingly, marginal Se deficiency (0.08 ppm Se) actually upregu-
lated mRNA for Txnrdl and Gpx2 in duodenum, thus
suggesting that these mRNAs may be most abundant in the
pool of selenoprotein mRNAs and first to become translated
once the tissue is restored to Se-replete conditions (178). In
humans who were supplemented with 100 ug/day Se as so-
dium selenite for 6 weeks, microarrays were used to analyze
peripheral lymphocytes and the main pathways affected were
those involving increased ribosomal protein and translation
factor gene expression (192). The conclusions from these array
data are that lower Se status in immune cells has a stronger
effect on certain antioxidant selenoproteins (particularly Gpx1
expression) and decreases mRNAs involved in inflammatory
signaling pathways. In contrast, higher Se status in immune
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cells increases the protein synthesis machinery, presumably
for increased production of selenoproteins.

C. The selenoproteomic response during immune
cell activation

Expression of important selenoproteins in immune cells
may change during activation. Of course, major fluctuations
in mRNA or protein levels do not alone indicate the impor-
tance of individual selenoproteins in the activation process,
but discerning how the selenoproteome responds to activa-
tion can provide clues for roles each may play. Carlson et al.
demonstrated that mouse macrophages activated with LPS
increase Txnrd1 expression at the levels of both mRNA and
protein, although Txnrdl enzymatic activity was not mea-
sured (35). Expression of several other selenoproteins, in-
cluding Gpx enzymes, appeared to be less affected by LPS
treatment, which suggests a special role for Txnrd1 in regu-
lating redox status in activated macrophages. Human neu-
trophils stimulated with TNF-o increased GPX4 expression in
a ROS-dependent manner, thus suggesting that this seleno-
protein is important for protecting the cells against oxidative
damage during activation (94).

LPS-treatment or Fcy-receptor (FcyR)-stimulation of mouse
macrophages increases expression of two ER selenoproteins,
Selk and Sels (110, 243). For Sels, this could be related to its role
in mitigating ER stress arising from increased protein proces-
sing that accompanies macrophage activation. Consistent with
these findings, SELS mRNA was shown to increase in human
PBMCs 7 days after influenza vaccine challenge (88). Sels ex-
pression is increased by LPS-treatment in mice in a manner
dependent on both Se status and gender (243). For Selk, its
increased expression during LPS-activation of macrophages
has less to do with ER stress but be more related to its role in
Ca** flux and cell signaling induced in activated macrophages
(110, 256). Interestingly, Sep15 mRNA is highly abundant in
immune cells, and its increased abundance during activation
may reflect an increased requirement for folding and matura-
tion of a restricted group of N-glycosylated proteins in the ER
(140). More efficient protein folding through increased ex-
pression of SEP15 or other ER selenoproteins such as SELM
may be an important mechanism by which dietary Se affects
immune cell function during activation of these cells.

VI. Se and Redox Signaling in Immune Cells
A. An overview

The generation of ROS by immune cells is often associated
with the killing of microbes by phagocytes. Indeed, ROS pro-
duced by macrophages and neutrophils is essential for the oxi-
dative destruction of phagocytosed pathogens and fully effective
immunity. ROS have also become recognized as important
mediators of cell signaling and cell-to-cell communication for a
variety of phagocytic and nonphagocytic immune cells. For ex-
ample, mutations in genes encoding superoxide-generating en-
zymes can disrupt the oxidative burst generated by phagocytes,
thus leading to chronic granulomatous disease (CGD) that is
characterized by severe, life-threatening bacterial and fungal
infections (106). This disease involves persistent inflammation
that has largely been attributed to recurrent infections due to
inadequate killing of pathogens by phagocytes. However, per-
sistent inflammation may also occur independent of infection,
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and recently, it was shown that a deficiency in one of the su-
peroxide generating enzymes, Nox2, is associated with hyper-
inflammation and autoimmune diseases due to the key role of
this pro-oxidant enzyme in terminating immune responses (217).
This example along with several others illustrate how ROS have
emerged as important secondary messengers that affect signal-
ing and functions of a variety of cell types, including immune
cells. Interestingly, levels of Se intake can influence the produc-
tion of ROS and their downstream effects. The next sections
describe the role of redox mechanisms and how Se may affect
these mechanisms. It should be noted that ROS in cells or tissues
are often measured in indirect manners, such as the oxidation of
fluorochromes or the evaluation of the oxidative damage of
lipids, proteins, or DNA. Thus, it should be kept in mind that the
term ROS is often used in reference to their effects, and often not
by direct measurement of individual ROS themselves.

B. Types of ROS important for immune cell signaling

Chemically reactive molecules derived from oxygen include
superoxide (- O, ), HO,, hydroxyl radical (-OH), nitric oxide
(NO-), and peroxynitrite (ONOO™; Fig. 3). These reactive
molecules are divided into two major groups: free radicals
(-O,7, -OH, and nitric oxide [NO-]) and nonradical derivatives
of O, (H,O,, ONOO™) (59). Some ROS such as H,O, are able to
diffuse freely through cellular membranes, whereas others such
as superoxide that are electrically non-neutral fail to do so (77).
However, there is some evidence that H,O, may not penetrate
some membranes as easily as previously proposed (9, 223, 236).
This is important, because it means that superoxide may or
may not be restricted to the cellular compartments in which it is
generated. ROS can be generated spontaneously or through
enzymatic reactions. For example, superoxide can be generated
through electron leakage from the electron transport chain in
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the mitochondria. Alternatively, superoxide can be synthe-
sized by flavoenzymes such as xanthine oxidase (135), 5-
lipoxygenase, or the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases that are described in greater de-
tail next. In biological systems, superoxide is short lived owing
to its rapid reduction to H,O, by superoxide dismutase (SOD)
(118). The superoxide anion has an estimated half-life of 1 us,
whereas H,O, is more stable with an estimated half-life of 1 ms.
Stability of ROS is dependent on the levels and activity of
enzymes responsible for their neutralization, and some of these
enzymes are selenoproteins. As just mentioned, the GPX1 and 3
play important roles in reducing H,O, to water, and Se status in
immune cells can directly affect the half-life of this ROS. In
addition, GPX4 educes phospholipid hydroperoxides, and this
activity has recently been shown to regulate protein tyrosine
phosphatase (PTP) signaling, particularly through Gpx4-
mediated reduction of 12/15-lipoxygenase (45). Txnrdl may
indirectly regulate the downstream effects of H,O, by reducing
disulfide bonds generated by H,O, in signaling molecules.
Other selenoproteins such as Selp also exhibit peroxidase ac-
tivity, and the antioxidant properties of Selp have been shown
to affect mouse macrophage differentiation and survival dur-
ing parasitic infection, but the signaling events are not clear.
How individual selenoproteins affect specific signaling path-
ways is discussed in greater detail in later sections, but overall,
the pathways and signaling molecules affected by the actions of
selenoproteins is only just beginning to be understood.

C. Se levels related to the production of ROS
in immune cells

Activation of immune cells through cell surface or intra-
cellular receptors can lead to high levels of ROS within min-
utes, often referred to as an oxidative burst. In general,
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FIG. 3. The relationship between different reactive oxygen species (ROS). The two major subsets, free radicals and
nonradical derivatives, are shown with illustrations showing how members of each are related to each other. There are
several sources of superoxide (-O®~), which can subsequently be converted to other ROS such as hydrogen peroxide (H,O,)

and peroxynitrite (ONOO-).
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activated phagocytes produce higher levels of ROS than
nonphagocytic immune cells such as T cells. Although mito-
chondrial sources of ROS have been implicated in the acti-
vation of T cells and other immune cells (122, 276), the
oxidative burst that is induced on activation of immune cells
is predominantly of nonmitochondrial origin. The main
nonmitochondrial sources of ROS are the NADPH oxidases
(NOX, also called phagocytic oxidases, PHOX), which are
multicomponent enzymes consisting of cytosolic and mem-
brane-bound proteins (257). The membrane components in-
clude a stable, heterodimeric flavocytochrome (Cyt bsss)
comprised of two subunits, gp9P"** (NOX2) and p22P"°*, The
cytosolic components are comprised of four factors including
P67P"%, p47PR, pA0P*X, and a small G-protein (Ras-related C3
botulinum toxin substrate 1/2 [RAC1/2]). When cell surface or
intracellular receptors are stimulated by their ligands, the cy-
tosolic components just listed translocate to the plasma or
phagosomal membrane, where the NADPH enzyme complex
is assembled (Fig. 4). The catalytic core (bssg) transfers electrons
from cytosolic NADPH across the plasma membrane to oxygen
located on the phagolysosomal or extracellular side to produce
superoxide (207). The main source of oxidative burst in
phagocytes is the NOX2-based NADPH oxidase system.
NOX2-generated ROS are crucial for killing bound or ingested
microbes, and NOX2-deficiency results in CGD, which is
characterized by severe bacterial and fungal infections (98). In
addition to NOX2, two families of NOX homologs are ex-
pressed in several tissues and cell types, including those of the
immune system: the alternative NOXs (e.g., NOX4) and dual
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oxidases (for DUOXs) (182). They are capable of generating low
amounts of superoxide that are quickly dismutated into HyO,
and are suggested to be involved in cell signaling and host
defense. The small GTPase RAC is an important cytosolic
regulatory component of the NOX2 complex and exists in two
isoforms; RAC1 predominates in monocytes and RAC2 in
neutrophils (182, 283). In resting cells, GDP-bound RAC is in
complex with GDP dissociation inhibitor, and on activation,
GTP is exchanged for GDP via guanine nucleotide exchange
factor, and this causes RAC to interact with membrane-asso-
ciated p47P" (64). This GTP-bound form of RAC positively
regulates the actions of the NOX2 complex and results in
generation of superoxide (99). Overall, phagocytes such as
neutrophils and macrophages utilize their oxidative burst for
both destruction of microbes and signaling, whereas non-
phagocytic immune cells such as T cells generate an oxidative
burst mainly for modulating signaling and function.

Se levels in immune cells can affect the oxidative burst in
both phagocytic and nonphagocytic cells. For example, neu-
trophils from Se deficient rats exhibited reduced oxidative
burst when incubated for prolonged periods with stimulants
such as phorbal myristate acetate (PMA) or opsonized zymo-
san (12). This decreased oxidative burst was due to inadequate
metabolism of H,O,, which was linked to lower activity of
the NADPH-dependent superoxide-generating system.
There are important feedback mechanisms involving levels of
H,0, and the strength of oxidative burst, and the neutrophil
results support the notion that selenoproteins regulate this
mechanism. Further supporting this notion, macrophages from

diffusable

Extracellular or
phagosomal space

Activating Stimulus

Protein Kinases/,/

NADPH NADPH*
+ H*

FIG. 4. Generation of superoxide by NADPH oxidase. On activation (e.g., LPS in phagocytes or TCR in T cells), the
cytosolic components including p47P"%, p67P"*, and p40P"°%, assemble at the membrane to form the enzyme complex. An
electron is transferred through the catalytic core (bssg) comprised of two subunits, gp91ph°X (NOX2) and p22 phox 1y resting
cells, GDP-bound RAC is in complex with its inhibitor GDI, and on activation, GTP is exchanged for GDP via guanine
nucleotide exchange factor (GEF) and this causes RAC to interact with membrane-associated p477"°*. This GTP-bound form
of RAC positively regulates the actions of the NOX2 complex, and the result is the transfer of one electron to oxygen to
generate superoxide. This superoxide can subsequently be converted by SOD to diffusable H,O,. NADPH, nicotinamide
adenine dinucleotide phosphate; LPS, lipopolysaccharide; TCR, T cell receptor; PHOX, phagocytic oxidase; NOX, NADPH
oxidase; RAC, Ras-related C3 botulinum toxin substrate; GDI, GDP dissociation inhibitor; SOD, superoxide dismutase.
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Selk™/~ mice exhibited decreased oxidative burst when
phagocytosing IgG-opsonized protein (256). Supplementing
immune cells with above-adequate levels of Se (1.0 ppm Se) can
also affect the oxidative burst process. In T cells, higher dietary
Se produces a stronger oxidative burst in response to T cell
receptor (TCR) stimulation (102). Similarly, in J774.1 mouse
macrophages Se supplementation to above-adequate levels
(>100ng/ml sodium selenite in culture media) increased the
oxidative burst induced by PMA (211). Higher expression of
selenoproteins does not always increase oxidative burst, as
demonstrated in T helper cells from Gpx1~/~ mice (268). When
stimulated through the TCR, Gpxl-deficient T helper cells
produced higher levels of ROS compared with wild-type con-
trols, thus suggesting that Gpx1 may be required for controlling
the oxidative burst once it is generated, but not for the initial
generation of ROS during the oxidative burst. Overall, it is
apparent that higher levels of Se intake leading to increased
expression of antioxidant selenoproteins do not diminish levels
of ROS on stimulation of immune cells. This suggests that se-
lenoproteins collectively contribute to the signal strength in T
cells, but certain selenoproteins such as Gpx1 are important for
regulating the half-life of ROS generated from receptor-
mediated oxidative burst. The manner in which certain sele-
noproteins may perturb the downstream events influenced by
receptor-mediated oxidative burst may involve their direct
actions on the redox intermediates or on signaling molecules,
and these effects are described in greater detail next.

D. Se levels related to calcium and redox signaling
in immune cells

1. H,O, as a secondary messenger in leukocyte activa-
tion. H,O, may enter the cell from extracellular sources by
diffusion through the plasma membrane. Alternatively, H,O,
may be generated within immune cells on stimulation of a
variety of receptor systems in a tightly regulated manner. As
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just described, H,O, is mainly generated through SOD-
catalyzed dismutation of superoxide, which itself is generated
through receptor-induced NOX activity. H,O5 is less reactive
than ROS radicals such as superoxide and the highly reactive
OH:. The actions of H,O, are quite different from -O,~ and
OH: in that H,O, exerts its actions through the oxidation of
proteins, whereas these other ROS more readily react with
any molecules they encounter (especially true for OH-). H,O,
primarily targets Cys residues in various proteins, oxidizing
the -SH group of Cys to sulfenic acid. Sulfenic acid on the Cys
residues is reduced back to Cys by enzymatic systems that
involve glutathione (GSH) or TXN. In this manner, the redox
state of the Cys residue may serve as a molecular switch that
can transmit different signals in reduced or oxidized states.
Most Cys in proteins are not located within the proper context
to be oxidized by H,O,. In particular, the deprotonated Cys
state is necessary for effective oxidizing action of H,O, to
convert it to sulfenic acid. The majority of Cys residues within
proteins exhibits a pKa value of 8.5 and does not exist as
anions at physiological pH. However, if the Cys is located
near a positively charged amino acid, then its pKa value may
be lowered to value below 5.0, making it deprotonated at
physiological pH and a suitable target for oxidation by H,O,.
Thus, it is the context in which the Cys is located that deter-
mines whether it may act as a molecular switch for trans-
mitting H,O,-mediated signals. An example of this signaling
mechanism that is particularly important for immune cells is
the PTPs, which contain a redox-regulated Cys in the proper
context (HCxxGxxRS/T) (7, 184). Oxidation of this Cys by
H,0; inactivates the PTP, and reduction by GSH or TXN re-
verts the catalytic domain back to its active state (37, 272). In
addition to H>O,, phospholipid hydroperoxides can also ox-
idize signaling molecules at their active-site Cys residues (45).

Recently, there has emerged a model of H;O, signal
transduction that differs from that just described (Fig. 5). This
model involves signals that are not exerted through direct
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FIG. 5. Two alternative
models for the actions of
H,0, as a secondary messen-
ger. The conventional model
(fop) involves direct actions of
H,0; on adjacent Cys residues
within a signaling molecule to
form a disulfide bond that al-
ters conformation of the active
site and the activation state. A
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new model (bottom) has been
proposed in which peroxidases
such as GPx1 promote the ox-
idation of adjacent Cys resi-
dues and formation of
disulfide bonds. In this sense,
the actions of H,O, are indirect
and the direct affects are de-
termined by levels and loca-
tions of GPX1 and GSH. Cys,
cysteine; GSH, glutathione;
GPX, glutathione peroxidase.
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contact of H,O, with signaling molecules, but through thiol-
based peroxidase enzymes such as GPX and peroxiredoxins.
During this process, these thiol peroxidases do not minimize
oxidant signaling by H,O,, but actually promote the actions
of HyO, by relaying oxidants to signaling molecules (70,
253). The best example is that of Gpx3 transferring oxidative
equivalents to Yapl in yeast, whch involves formation of a
Gpx3-Yapl disulfide bridge (53). The Cys residue in Gpx3
linked to the Cys residue in Yap1 is then reduced by Txn,
which restores the reduced state of Gpx3, and this results in
formation of a Yapl intramolecular disulfide bond. This
model helps explain two observations in H,O,-mediated
signaling not addressed by the direct oxidation model just
described: (1) there appears to be some degree of specificity
in the oxidant actions of H,O,, and (2) removal of GPX does
not increase the oxidant signaling of H,O, as would be
suspected, but actually decreases its actions (70). In this
sense, the GPX and peroxiredoxin enzymes sense increases
in H,O,, detoxify this molecule while simultaneously
transmitting its oxidant signal to other signaling molecules
that ultimately affects transcription. This mechanism does
not replace the direct actions of H,O, on Cys, but is thought
to act in conjunction with the direct actions. Much of the data
for this model have been obtained using yeast systems (53,
70, 254), but there is some evidence that it occurs in mam-
malian cells (91).
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2. The relationship between Ca®* flux and oxidative
burst. Ca”* plays a key role as a secondary messenger of
signal transduction for a wide range of cell-types. The path-
way by which Ca®" flux occurs was elegantly introduced by
Putney in 1986 (200), and the model was subsequently mod-
ified to incorporate the vast amount of data generated since.
Immune cells require influx of extracellular Ca** to initiate or
propagate signals that regulate different functions including
gene transcription, proliferation, chemotaxis, cytokine secre-
tion, and oxidative destruction of phagocytosed microbes. For
immune cells, Ca?* enters from extracellular spaces but is
most often initiated from release of intracellular Ca®" stores,
predominantly located in the ER (143, 201). For example, en-
gagement of TCR, B cell receptor, Fcy or Fce receptors, or
chemokine receptors will activate phospholipase Cy (PLCy),
which cleaves phosphatidylinositol-4,5-bisphosphate (PIP2)
to produce messenger molecules inositol-1,4, 5-trisphosphate
(IP3) and diacylglycerol (DAG), the former of which triggers a
rise in cellular Ca®* levels (Fig. 6). The predominant pathway
of Ca®”" flux involves binding of IP3 to the IP3-receptor (IP3R)
located on the ER membrane, which results in Ca®" release
from ER stores. Loss of ER Ca* stores induces the opening of
calcium release-activated Ca*>* (CRAC or Orail) channels in
the plasma membrane (20). This process is termed store-
operated Ca”>* entry (SOCE) and relies on the actions of
stromal interaction molecule 1 (STIM1) (148). STIM1 is located

FIG. 6. The basic steps in-
volved in store-operated
Ca’* release (SOCE) for ei-
ther T cells or macrophages.
Stores of Ca2™ for these cells
are largely maintained in ER.
Engagement of receptors on
the surface of immune cells
leads to activation of PLCy,
which converts PIP3 to DAG
and IP3. IP3 rapidly binds to
the IP3 receptor on the ER
membrane, which causes loss
of Ca®" from the ER stores.
The lower [Ca?*] in the ER
lumen is sensed by EF-hand
motifs in the ER luminal
STIM1 molecule, and this
leads to oligomerization of
STIM1. Oligomerized STIM1
physically interacts  with
Orail on the plasma mem-
brane, which activates this
channel and causes the en-
try of high levels of Ca’*.
ER, endoplasmic reticulum;
PLCy, phospholipase Cy; IP3;
inositol-1,4, 5-trisphosphate;
DAG, diacylglycerol; EF,
elongation factor; STIMI,
stromal interaction molecule 1.
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in the ER membrane and contains a luminal EF-hand domain
that senses Ca®" loss from ER stores. On efflux of Ca>* from
ER stores, STIM1 is induced to interact with Orail channels,
causing structural changes in the Orail channel that allows
extracellular Ca®" to enter the cytosol.

Ca®* flux is generated within seconds of receptor stimu-
lation in immune cells and generally precedes any measurable
oxidative burst, which typically occurs within minutes. Ca**
flux first to occur, and it is required for generation of an ef-
fective oxidative burst, as best exemplified by experiments
involving neutrophils. Early studies used ethylene glycol
tetraacetic acid to chelate Ca®* during activation of neutro-
phils, which led to a significant decrease in superoxide gen-
eration (76, 78, 198). Within seconds of stimulation with
inflammatory molecules such as formyl-Methionyl-Leucyl-
Phenylalanine (fMLP), an elevation in cytoplasmic Ca®* oc-
curs that has been shown to directly regulate the key NOX in
neutrophils, NOX2. As just described, STIM1 is the central ER
membrane molecule that relays signals from the ER to the
CRAC channels on the surface of immune cells, thus pro-
ducing the SOCE that leads to the rise in intracellular Ca**.
Using small interfering RNA in human neutrophil-like HL-60
cells, it was shown that expression of STIM1, but not STIM2,
was required for NOX2 activation during fMLP stimulation
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(27). However, although the Ca®* flux is required, it is not
sufficient for activation of NOX2 and O,  production (28).
Thus, NOX regulation involves both Ca2+—independent and
Ca”*-dependent mechanisms that act in synergy to modulate
O, production in activated phagocytes.

A link between Ca®* and oxidative burst has been identi-
fied in other immune cells in addition to neutrophils. In ele-
gant studies involving human Jurkat T cells and human CD4 "
T cell blasts, Kwon et al. characterized two different oxidative
bursts during TCR stimulation (137, 138). First, there appears
an early (<5 min) oxidative burst generated by DUOX1 in a
Ca”*-dependent manner (Fig. 7). Knocking down DUOX1
inhibited H,O, production and specific activation events in-
cluding phophorylation of Tyr319 in zeta chain-associated
protein kinase 70 and extracellular signal-regulated protein
kinase (ERK) activation. Interestingly, knockdown of DUOX1
decreased Ca’* flux, including release of Ca* from the ER
upon TCR-stimulation. This suggests that, in addition to Ca**
regulating oxidative burst, the opposite may also be true, that
is, Ca®"-dependent oxidative burst through DUOXI is re-
quired for optimal Ca®* flux. However, it should be noted
that the knockdown of DUOX1 was carried out in Jurkat T cell
lines and the role of DUOX1 in regulating Ca®* flux in naive
human or mouse T cells has not been demonstrated.

(rapid
increases
fram SOCE)

ER lumen

Endososome

FIG. 7. Two different NADPH oxi-
dase systems operate during activa-
tion of T cells. At early stages after
TCR-activation, Ca“—dependent IP3
generation leads to activation of the
IP3 receptor on the ER membrane.
This causes DUOXI-induced super-
oxide, which is dismutated into H,O,.
This acts to promote T cell activation
in the early stages. DUOX isoforms
may also operate within the endo-
some. At later stages, the NOX2-based
system generates superoxide in a
Ca®*-independent manner. H,0,
generated from these steps may build
up and negatively regulate the IP3
pathway through inhibition of SHP-2.
This is believed to down-modulate T
cell activation. DUOX, dual oxidase;
SHP-2.

(Ca’* -independent,
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Regardless, there is evidence for a role for DUOXI in early
oxidative burst during TCR stimulation, and it is important to
determine whether similar results are obtained during the
stimulation of truly naive human and mouse T cells.

In addition to this early oxidative burst in T cells, there is a
separate generation of ROS that occurs in a slower, more
sustained manner (peaking at ~15min). This second oxida-
tive burst appears to involve the classic NOX, NOX2, which is
the main component of the enzymatic system responsible for
oxidative bursts in activated phagocytes (115). This second
oxidative burst may be important for inhibiting some ele-
ments of TCR signaling and, thus, acting to down-modulate
the activation process. This is supported by experiments in-
volving human T cells in which TCR-induced H,O, damp-
ened ERK activation in a negative feed-back manner (136).
Further, there appears to be autoregulation of oxidative burst
and activation in human T cells in that NOX2 expression is
down-regulated 24h after TCR-stimulation (268). Thus, the
effects of a TCR-induced oxidative burst may be different on
the fate of the T cells, depending on the source and the timing
of ROS generation.

3. The effects of Se intake on Ca?* flux and redox sig-
naling in T cells. Human lymphocytes respond to Se sup-
plementation with 100 ug Se/day as sodium selenite for 6
weeks predominantly by increasing mRNA encoding pro-
teins involved in protein biosynthesis (192). Increased ex-
pression of the synthesis machinery may be required for
increased production of selenoproteins themselves, or for
protein factors that poise lymphocytes for stronger prolifera-
tive capacity. For example, dietary (2.0 ppm Se for 8 weeks)
supplementation of mice or ex vivo (100nM Se as sodium
selenite) supplementation of cell cultures resulted in increased
expression of the IL-2 receptor « subunit (CD25) and increased
proliferative capacity of concanavalin-A-stimulated mouse
lymphocytes (210). Our laboratory conducted studies on
primary CD4" T cells from mice fed diets containing mod-
erately low (0.08 ppm), adequate (0.25ppm), and above-
adequate (1.0ppm) Se. When these CD4" T cells were
stimulated through the TCR, higher Se intake significantly
increased their proliferative capacity (102). Increases in die-
tary Se in mice were shown to enhance signaling strength
during TCR-induced activation. In particular, increased Se
intake increased Ca®® mobilization, oxidative burst, and
translocation of nuclear factor of activated T cells (NFAT;
Fig. 8). Interestingly, Se intake had no effect on phosphorylated
ERK levels. The ERK data are consistent with other data sug-
gesting no influence of oxidative stress on this particular sig-
naling event (38), but conflict with data in other T cell systems
showing sensitivity of ERK activation to levels of ROS (136)
This may reflect differences between truly naive T cells and cell
lines. Regardless, both IL-2 and the IL-2 receptor are increased
with higher Se intake (1.0-2.7 ppm Se) (102, 105), which would
logically contribute to a higher proliferative capacity through
autocrine and paracrine actions of this growth factor.

When the CD4" T cells from mice fed different Se diets
(0.08 ppm —1.0 ppm Se) were analyzed for oxidative stress, no
differences were detected. However, levels of free thiols were
increased with increasing dietary Se. Moreover, the differ-
ences in TCR-induced Ca®* flux and proliferative capacity
were eliminated when cells were treated with an exogenous
source of free thiols in the form of either N-acetylcysteine
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TCR engagement

Higher Se
increases free thiols

TCR signals are enhanced including
Ca? flux, oxidative burst, and
NFAT activation/translocation

l Increased transcription of
IL-2 and IFNy
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FIG. 8. Activation signals in naive T cells during TCR-
stimulation are enhanced by higher levels of dietary Se.
Within seconds Ca?", flux is triggered by TCR-stimulation,
and this is enhanced by increasing dietary Se. In addition,
later signals including oxidative burst and NFAT activation
and translocation are enhanced by higher Se intake. These
signals lead to induced IL-2 and IFN-y gene expression,
which are also increased with higher Se intake. The mecha-
nisms by which Se levels affect these signaling events in-
volves the content of higher free thiols, although specific
alterations in specific disulfide bonds in signaling molecules
have not yet been identified. NFAT, nuclear factor of acti-
vated T cells; IL-2, interleukin 2; IFN-y, interferon-.

(NAC) or f-mercaptoethanol (102). In a related study, T cells
lacking selenoproteins exhibited increased levels of oxidative
stress and decreased proliferative capacity, and addition of
NAC eliminated the proliferative capacity (230). These results
suggest that free thiols are a key mechanism by which dietary
Se affects the activation of T cells. Consistent with these
findings, studies utilizing human T cells from an individual
with genetically impaired selenoprotein expression exhibited
decreased proliferation when TCR-stimulated (218). The
lymphocytes from this individual also had very low Txnrd
activity and were unable to reduce exogenous H,O,, thus
suggesting reduced antioxidant capacity.

Similar to other cell-types, a key redox mechanism by
which high Se enhances the activation of T cells may involve
the activation of the transcription factor, nuclear factor-kappa
B (NF«B). On TCR-induced activation, NF«B translocates to
the nucleus and binds to specific gene regions for inducing
expression of several proactivation, proinflammatory mRNA.
Binding of NF«B to target gene regions in Jurkat T cells is
enhanced by reduction of a disulfide bond in the p50 subunit,
which is regulated by reduced TXN (157). Levels of reduced
Txn are increased with increased Txnrd1, and Txnrd1 activity
is increased in T cells with increasing dietary Se (0.086-
1.0 ppm) (102). This implies that higher Se and Txnrd1 activity
would generate more effective NFxB binding. This also would
explain why the effects of increasing Se on T cell activation are
negated when the cells are flooded with free thiols, which also
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act to reduce the disulfide bond in NF«xB (157). In certain cell-
types, physiological levels of Se may be important for
inhibiting the expression of proinflammatory genes and lim-
iting the extension of the inflammatory response (62). In hu-
man HuH-7 cells cultured in media with 2% fetal calf serum
and various added concentrations of sodium selenite (0, 0.05,
0.5,1.0, and 2.0 uM) for 3 days before cell activation with TNF-
o, physiological levels of Se mediated inhibition of the acti-
vation of the transcription factor NFxB, which regulates genes
that encode inflammatory cytokines (153). Moreover, over-
expression of GPX1 increased the half-life of the inhibitor of
NF«B, IxBo, in untreated human T47D cells by twofold (132).

A recent study provided insight into a special, and some-
what surprising, role of Gpx1 in T cell activation and differ-
entiation. During TCR-induced activation of CD4" T cells
from prlf/ ~ mice, there was a higher, more sustained ox-
idative burst compared with wild-type controls (268). This
corresponded to increased IL-2 and IFN-y production in the
Gpx1-deficient CD4" T cells, suggesting stronger TCR sig-
naling and T helper (Th) 1 bias in the absence of Gpx1. This is
in contrast to Se-deficient CD4™ T cells, which have lower
expression of Gpx1 as well as other selenoproteins compared
with Se-sufficient cells. Se-deficiency leads to lower TCR-
induced oxidative burst, weaker TCR signals, and less IL-2
and IFN-y compared with Se-sufficient CD4™ T cells (102).
These effects of Se-deficiency influence the earliest of TCR-
signaling events, even those such as Ca”* flux occurring
within seconds. These early events were not measured in the
Gpx1-deficient T cell studies, but it may be that Gpx1 plays
less of a role in the early TCR-signaling events. The differences
between Gpx1-deficient T cell compared to wild-type controls
for oxidative burst or cytokine production were measured
24 h after TCR-stimulation. In this sense, decreased seleno-
proteins collectively affect early TCR signaling events,
whereas as examined so far, the absence of Gpx1 alters the
ability of the cells to deal with elevated ROS long after TCR
signaling has occurred.

4. Se related to calcium and redox signaling in phago-
cytes. Before one can appreciate the role of Se in redox
signaling in phagocytes, the multiple roles that redox inter-
mediates play in phagocyte function should be addressed.
Activation of phagocytic leukocytes such as macrophages and
neutrophils through a variety of receptors induces a relatively
rapid increase in ROS, that is, phagocytic oxidative burst (75).
This oxidative burst serves to degrade ingested or attached
microbes, but also is important for mediating signals within
the phagocyte. In addition, the secretion of redox mediators
such as H,O, and NO- is an important mechanism through
which phagocytes communicate with neighboring cells, in-
cluding other phagocytes. These redox mediators can prime
neighboring phagocytes and improve functions such as
phagocytic capacity (66), and Se status can affect this process.
For example, J774.1 mouse macrophages cultured in media
with 1% fetal bovine serum (FBS) and no added Se exhibit
decreased phagocytic capacity compared with Se-adequate
controls (media supplemented with 0.1 ppm Se) (211). The
requirement of antioxidant nutrients such as Se and vitamin E
for resistance against nematode infections highlight the im-
portance of redox balance in phagocytes (232). For example,
mice fed torula yeast-based low Se diets exhibited decreased
resistance to Heligmosomoides polygyrus compared with
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adequate Se diets (0.2 ppm Se) on secondary infection (11). In
addition to killing of parasites, other effector functions are
affected by Se-deficiency including cytokine and NO- pro-
duction (103). The J774.1 mouse macrophages cultured in Se
deficient media just described (media with 1% FBS) secreted
significantly lower levels of LPS-induced TNF-o, IL-1f5, and
IL-6 (211) compared with controls with added Se (0.1 ppm Se).
In fact, macrophages deficient in one selenoprotein, Selk, ex-
hibit impaired oxidative burst during FcyR-mediated phago-
cytosis (256). This is likely due to low Ca®* flux that is
required for an optimal oxidative burst. Phagocytes rely
mostly on Nox2-based production of superoxide, and the re-
lationship between Ca®" flux and oxidative burst likely is
different from that just described for T cells.

Overall, there are several lines of evidence suggesting that
sufficient levels of Se and selenoprotein are required for op-
timal oxidative burst, Ca®* flux, and effector functions in
phagocytes. A separate issue from this effect on signaling is
the oxidative stress before activation, which is higher under
conditions of low selenoprotein expression (35). This en-
hanced baseline oxidative stress is not beneficial for cell sig-
naling in the same manner as the receptor mediated oxidative
burst. In this sense, Se deficiency increases baseline oxidative
stress and thereby impairs phagocytic activation in the same
manner. Not only is adequate Se required for optimal acti-
vation and function of these phagocytes, but also for expres-
sion of antioxidant selenoenzymes used to mitigate damage
from mitochondrial and nonmitochondrial ROS. The Gpx
enzymes can detoxify H,O,, whereas Txnrd1 is crucial for
maintaining reduced thioredoxin and redox tone. Consistent
with this notion, Txnrdl mRNA and protein were shown to
increase in macrophages on LPS-stimulation (35). Under
resting conditions, macrophages lacking selenoproteins ex-
hibited increased ROS production and without the ability to
increase expression of Txnrd1, the macrophages cannot cor-
rect the redox tone from this increased ROS. Overall, it is
evident that Se levels and specific selenoproteins are impor-
tant for setting the redox tone in phagocytes before activation.

The differentiation of macrophages is also influenced by
redox tone, and Selp has been demonstrated to play a partic-
ularly important role in this process. In particular, increased
expression of Selp is induced by IL-10 during the switch of
mouse macrophages from a classical (M1) to alternatively ac-
tivated (M2) phenotype (23). Limiting the pathogenicity during
certain diseases, such as African trypanosomiasis, requires a
macrophage transition from M1 to M2 during the course of
infection (85). Interestingly, the antioxidant activity, not the Se
delivery role, of Selp was demonstrated to play a crucial role for
limiting pathogenicity and oxidative damage to tissues and
was required for survival of mice infected with trypanosomes.
This raises the question of whether optimal Se intake and Selp
expression is required for resolving other diseases dependent
on M2. In fact, many immune responses or phases of particular
immune responses require strong M1 responses followed by a
resolution of inflammation that relies on the switch to M2.
Whether high levels of Se intake actually skew M1 versus M2
responses one way or another should be considered. This could
also be quite important for noninfectious diseases that involve
transitions from M1 to M2 during the disease process, such as
atherosclerosis or chronic inflammatory disorders.

The role of Ca®" flux during phagocytosis depends on the
type of cell as well as the type of phagocytic receptor involved.
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Perhaps the best-defined phagocytic process dependent on
efficient Ca®" flux is ingestion of IgG-opsonized particles
mediated by FcyRs on the surface of macrophages (188).
Macrophages play a crucial role in innate immune responses
against pathogens through FcyR-mediated microbe engulf-
ment and production of proinflammatory cytokines (49, 187).
FcyRI is the high-affinity receptor that binds monomeric
IgG2a in mice and IgG1 and IgG3 in humans (186). FcyRII and
FeyRIII are low-affinity receptors that require a higher avidity
present on multivalent immune complexes (IC) to effectively
promote phagocytosis. FcyRIV is found in mice (the human
ortholog is CD16A) and binds to IgG2a and IgG2b with in-
termediate affinity (185). FcyRI, III, and IV signal through an
immunoreceptor tyrosine-based activation motif (ITAM)-
containing y chain that is associated with the small cytoplas-
mic domain of the receptors (266). Tyrosine phosphorylation
of the ITAM results in the recruitment of Src homology (SH)2-
containing molecules and adaptor proteins that propogate
signals through downstream effectors. An important early
effector enzyme in this signaling cascade is PLCy, which
cleaves PIP2 to produce messenger molecules IP3 and DAG,
the former of which triggers a rise in cellular Ca®* levels. Selk
has been shown to be required for FcyR-dependent Ca** flux
(256), and studies in our laboratory are currently focused on
identifying other signaling molecules involved in this process.

Similar to the process just described for T cells, macro-
phages require rapid and efficient Ca®* flux for activation and
effector functions. However, in macrophages, it remains less
clear how different receptors trigger Ca”*-dependent and
Ca®*-independent signaling pathways. On efflux of Ca®*
from ER stores, STIMI1 is induced to interact with CRAC
channels, causing structural changes in the CRAC channel
that allows extracellular Ca®* to enter the cytosol. Stiml
knockout mice were used to demonstrate that SOCE was
important for FcyR-mediated phagocytosis by macrophages
(26). Both Ca?* flux and ROS feed into NF«B activation, and
Se supplementation of macrophages to above-adequate levels
may be particularly disruptive for the redox balance that
regulates NF«B signaling. For example, experiments involv-
ing RAW 264.7 mouse macrophages and an NFxB reporter
system demonstrated that higher Se status in these cells in-
hibited NF«B activation induced by LPS (277). Expression of
cyclooxygenase-2 (Cox-2) and inducible nitric oxide synthase
(iNos), both of which depend on NF«B activation, were also
decreased with Se supplementation during activation
through either Toll-like receptor 3 (T1r3) or TIr4 using poly(i:c)
or LPS, respectively. It is difficult to determine whether this
reflects in vivo mechanisms by which increases in dietary Se
affect macrophage activation. Experiments using the sele-
noorganic compound, ebselen, showed that this compound
inhibited NO, Cox-2, and TNF-« in rat Kupfer cells, which are
the resident macrophages of the liver (229). This suggests that
small-molecular-weight selenocompounds influence redox
status in these in vitro experiments, but the role of these
compounds versus selenoproteins in vivo needs to be con-
sidered. Overall, high Se status in macrophages may perturb
redox tone either through antioxidant selenoproteins or
through small-molecular-weight selenocompounds, either of
which may inhibit NF«B signaling during activation.

5. A novel link between Selk and the calpain/calpastatin
system. Calpains are Ca®*-activated Cys proteases that
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cleave specific targets to modulate cellular functions, and
important functions in immune cells that may involve calpain
proteolytic modulation include apoptosis, proliferation, and
migration. An important role is emerging for calpains in
regulating inflammation and immune responses, although
specific mechanisms by which this occurs have not been
clearly defined (55, 96, 248). There are two major isoforms of
this enzyme, u-calpain (or calpain 1) and m-calpain (or calpain
2), which require micromolar and millimolar Ca®" concen-
trations for activity, respectively (30). These enzymes are
comprised of an 80 kDa catalytic subunit and a 30 kDa regu-
latory subunit. Activation occurs after Ca®*-binding induces
conformational changes that lead to autocleavage of the N-
terminal inhibitory domain of the 80 kDa subunit (173, 246).
Since the activation of calpain is an irreversible reaction, its
activity should be tightly regulated by mechanisms in addi-
tion to fluctuating Ca®* levels. A key part of this regulation is
calpastatin, which is an endogenous inhibitor of calpain.

As just described, Selk is a particularly important seleno-
protein for immune cell activation. In a recent study from our
laboratory, Selk was identified as a novel target for m-calpain
(110). Proteolysis by m-calpain produced a truncated isoform
of Selk lacking the Sec residue. The cleaved isoform of Selk
was found to be highly abundant in resting macrophages and,
on activation with several different Tlr ligands, calpastatin
expression was upregulated. Calpastatin is the endogenous
inhibitor of calpains, and in activated macrophages, the in-
creased calpastatin was shown to inhibit m-calpain cleavage
and lead to increased full length, Sec-containing Selk (Fig. 9).
Since calpains are activated by Ca>* and selenoproteins such
as Selk contain the Sec at their redox centers, this provides
another potential linkage between Ca®* and redox tone in
immune cells.

These data provide new insight into actions and regulation
of the calpain/calpastatin system in a major cell-type in-
volved in inflammation. In addition to Selk, other seleno-
proteins may also serve as targets for calpain, particularly
other ER membrane selenoproteins such as Sels and Seln, as
the ER membrane has been identified as an important site of
calpain/calpastatin association and activity (215, 216). In
addition, some selenoproteins such as Selr (methionine sulf-
oxide reductase B1 [MsrB1]) have been reported to exhibit
truncated forms detected in different tissues (71).

VIl. Se and Immune Cell Effector Functions
A. T helper cell differentiation

1. Se and T helper differentiation. On TCR-stimulation
of naive CD4" T helper cell, these cells differentiate into ef-
fector T cells that play a central role in initiating and shaping
immune responses. The number and type of CD4" T helper
cells that are generated during the first encounter with anti-
gen-presenting cells substantially contribute to the outcome of
the immune response. In particular, CD4" T cells become
polarized during activation into Th1, Th2, Th17, T, or other
T helper subtypes (180, 213, 242). Redox tone plays an im-
portant role in this differentiation process. For example, CD4 ™"
T cells from Nox2-deficient mice exhibit increased Th1 cyto-
kines on activation compared with wild-type controls (115).
This suggests that a higher reductive state favors Th1 differ-
entiation. Consistent with this notion, GSH depletion in mice
reduces Thl responses, and the antigen-presenting cells are



720

HUANG ET AL.

newly synthesized

selenocysteine
Y full-length SelK

ER Lumen

/ ?

Activated
m-calpain

FIG.9. Selk cleavage by m-
calpain in macrophages. In
resting macrophages, Selk
synthesized on the ribosome
is immediately cleaved by
activated m-calpain.  This
results in nearly all Selk
existing as inactived protein
in resting macrophages as
demonstrated by lower Ca**

Resting Macrophage |

[ Activated Macrophage

flux and migration in re-

Cleavage Peptide
Function Unknown

Cleaved Selk
Function

Cytosol Unknown

ER Lumen

sponse to chemokines such as
MCP-1. TLR-activation in-
creases expression of calpas-
tatin, which inhibits cleavage
by m-calpain and results in
higher levels of full-length
Selk. Thus, in activated mac-
rophages, full-length Selk is
able to efficiently promote
Ca’* and migration toward
chemokines. MCP-1, mono-
cyte chemotactic protein-1;
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Calpastatin

important in this effect (196). Similarly, a higher reductive state
induced through increased dietary Se intake (0.086-1.0 ppm Se)
had similar effects on Thl-skewing during the activation of
naive CD4" T cells (102). Higher Se intake led to increased
production of IFN-y on TCR-stimulation, whereas low dietary
Se led to increased IL-4. Adequate Se intake appears to produce
a more flexible differentiation state that is driven more by the
environmental cues (e.g., cytokines) and antigen-presenting cell
(Fig. 10). There are, however, some data that do not fit the
model of higher reductive tone leading to Th1 differentiation.
For example, CD4 " T cells from Gpx1 knockout mice showed a
bias toward Thl, and less Th2 or Th17 differentiation (268).
In contrast to results with Nox2-deficient mice or low dietary
Se, this suggests that higher oxidative stress leads to increased
Th1 differentiation. This may suggest that Gpx1 serves a role
different from other selenoproteins in T cell differentiation, a
role that is distinct from the generation of the oxidative burst
and more related to scavenging H,O, at periods beyond the
initial activation stage.

2. Regulatory T helper cells. The effects of Se levels on
regulatory T helper cells (T,g) cells has not been described in
the literature, despite the crucial role that these T helper cells

play in preventing excessive immunity and chronic inflam-
mation. In our laboratory, we stimulated naive mouse CD4"
T helper cells through the TCR and examined surface and
intracellular expression of Th cell markers to determine the
effect of increasing dietary Se on differentiation. Similar to the
mRNA data just described, increasing Se from adequate to
above-adequate levels (0.25 to 1.0 ppm Se) suggests a skewed
differentiation toward Thl as indicated with surface expres-
sion of the Thl marker, CD40L (Fig. 11). Interestingly, we
found that differentiation into Tz cells was affected by die-
tary Se levels. TCR-induced differentiation of CD4* T cells
into CD25"Foxp3™ T, cells was increased with increasing
dietary Se. A surface marker for which expression has been
shown to be inversely related to markers of T, cells is re-
ceptor activator for nuclear factor-xB ligand (RANKL), also
referred to as TNF-related activation-induced cytokine re-
ceptor (90, 144). Thus, levels of RANKL were evaluated on the
surface of CD4™" T cells with or without TCR-stimulation, and
results showed that increasing Se levels resulted in decreasing
levels of RANKL for both unstimulated and stimulated CD4*
T cells. These data, although not conclusive, support the no-
tion that increasing Se levels may promote a T, phenotype
from TCR-stimulated naive CD4* T cells and further
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FIG. 10. Effects of Se intake on CD4* T cell differentia-
tion. Adequate levels of Se intake do not bias T cell differ-
entiation and T helper (Th) 1 versus Th2 differentiation is
largely determined by signals provided by the antigen-
presenting cell or cytokine milleau. For example, CD4+ T
cells activated in a pro-Thl environment or a pro-Th2 envi-
ronment can differentiate into either Thl or Th2 cells. Se
supplementation boosts TCR signals and skews differentia-
tion toward a Th1 phenotype. In contrast, Se deficiency leads
to low TCR signals and skews differentiation toward low-
ered activation states with a biase toward a Th2 phenotype.

investigation of how dietary Se influences immunoregulation
via these important cells in vivo in needed.

3. Epigenetic poising in naive T helper cells. Does Se
intake affect epigenetic poising of naive CD4" T helper cells?

When data in Figure 11 are closely examined, there appears
to be an effect of increasing dietary Se on some of the phe-
notypic markers for Th1 (CD40L) and T..; (RANKL) effector
cells before T cell stimulation. This suggests a poising of naive
CD4" T cells by dietary Se levels that leads to a skewing of T
cell differentiation prior to TCR-induced activation. Epige-
netic poising is crucial for naive CD4" T cells, because, on
activation, the earliest induced transcripts are rapidly trans-
lated into proteins that provide negative- and positive-
feedback mechanisms for controlling differentiation into
effector cells (197). Known regulators of CD4" T cell differen-
tiation include T-box expressed in T cells and IL-12Rf2 (pro-
Th1), GATA binding protein 3 (pro-Th2), forkhead box P3
(FoxP3; pro-Treg), and RAR-related orphan receptor gamma
(thymus) (pro-Th17). These are often referred to as “master
regulators” of T cell differentiation, because they are among the
earliest transcriptionally induced genes when naive CD4" T
cells are stimulated through the TCR. Thus, influencing tran-
scription of these genes through epigenetic modifications
would, thus, provide an early signal to regulate differentiation.

Interestingly, Se supplementation from 0.086 to 0.25 to
1.0 ppm Se regulates the earliest detectable gene transcription
events triggered by CD4" T cell activation through redox in-
termediates (102). In addition, a recent study in rats demon-
strated that increasing dietary Se using basal diets (Se-deficient)
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FIG. 11. Analyses of cell markers during activation of
naive CD4" T cells from mice fed different Se diets. Under
conditions previously described (102), purified splenic CD4™*
T cells were stimulated for 18 h through the TCR, and flow
cytometry was used to measure markers for Thl cells
(CD40L), Ty cells (CD25 and FoxP3), and a marker ex-
cluded from T,eg cells (RANKL). Preliminary studies in our
laboratory suggest that increased Se intake leads to higher
levels of Thl and T, markers. FoxP3, forkhead box P3;
RANKL, receptor activator for nuclear factor-xB ligand.

supplemented with L-Se-Met at 0.15ppm (Se-adequate) or
4 ppm (above-adequate) for 104 days decreased global genomic
DNA methylation in liver and colon mucosa, with specific
genes particularly sensitive to this effect (280). In fact, Se and
other dietary factors have been shown to affect epigenetic
mechanisms related to cancer (13). There are findings indicat-
ing that dietary Se influence epigenetic mechanisms involved
in cancer and that nutrient interactions are important in cancer
susceptibility (50). Methylation in the promoter region of the
tumor suppressor p53 gene is sensitive to both folate (265) and
Se (51), and this may be important in the early stages of cancer
development. HDAC activity in B cell lymphoma cell lines has
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been shown to be inhibiited by the small organic seleno-
compound, methylseleninic acid (125). Chronic inflammation
may be an underlying risk factor in the early stages of cancer
development, as well as being a key feature of inflammatory
bowel disease (IBD). In fact, levels and interactions between
nutrients have been shown to impact the epigentic regulation of
IBD (13). Overall, Se status may influence the poising of naive
CD4" T cells through redox intermediates that epigenetically
influence differentiation toward a particular phenotype upon
TCR-engagement (Fig. 12).

The poising of gene regions for rapid transcription is car-
ried out by various epigenetic enzymes, which catalyze his-
tone methylation, acetylation, and ADP-ribosylation, as well
as DNA methylation. Importantly, the rate-limiting steps of
several of these epigenetic enzymes are redox dependent (48).
Some of these redox-senstive enzymes have been shown to be
affected by Se supplementation. For example, the enzyme
responsible for catalyzing DNA methylation (DNA methyl-
ase) in Friend erythroleukemic cells is sensitive to inhibition
by Se supplementation with 20 uM as sodium selenite in cul-
ture media (46). Since inhibition of DNA methylation leads to a
more permissive state for transcription, this suggests that in-
creasing Se intake may lead to increased permissiveness of
certain gene regions. A key selenoenzyme in mediating these
effects may be Txnrdl, which produces higher levels of re-
duced Txn-1in CD4™" T cells from Se supplemented mice (102).
Txnrdl converts oxidized Txn-1 to reduced Txn-1 in the cyto-
plasm and nucleus, which is important because Txn-1 has been
linked to regulation of H3K9 tri-methylation and -acetylation
and to production of the cytokine, IL-2, which is involved in T
cell proliferation and Thl differentiation (2, 195). Thus, free
thiols and Txn-1 as well as other redox intermediates may
represent important mechanisms by which Se supplementation
affects epigenetic events in naive CD4" T cells.

B. B cell function and antibody production

In a double-blind study more fully described next, 22 adult
subjects received 50 or 100 ug/day Se Se supplementation as
sodium selenite for 15 weeks, and this was shown to increase
anti-poliovirus immunity in regards to several aspects of cell-
mediated immunity (29). However, antibody titers to polio-
virus were not affected by levels of Se intake, thus suggesting
that plasma B cell production of IgG was not affected by Se
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supplementation. Consistent with this notion, rodent studies
described in detail next involving influenza infection also
showed no significant effect of increasing dietary Se on hu-
moral responses (18). In a very small study involving 11 men,
antibody titers against diphteria vaccine, but not against in-
fluenza A or B, were increased after reinoculation in high Se-
supplemented (297 ug/day) versus low Se-supplemented
(13 ug/day) individuals (95). Thus, Se levels may affect B-cell-
dependent antibody production in a pathogen-dependent
manner, and less consistently than the effects observed on T
cell immunity. Of course, antibody titers are not influenced by
B cell function alone, with T helper cells playing a crucial role
as well. It is difficult to uncouple B cell function from T helper
cell function when using humoral responses as an experi-
mental outcome.

Numbers of B cells in spleens of female mice responded to
diets with low (0.02ppm), adequate (0.2ppm), or above-
adequate Se-Met (2 ppm) in the diet for 50 days (255). Low
Se-Met diets reduced the number of B cells in the spleen
compared with adequate Se diets, whereas above-adequate
Se-Met intake reduced B cell numbers. The number of circu-
lating memory B cells is sensitive to levels of ROS such as
superoxide and hydrogen peroxidase, and Se has been shown
to influence levels of both of these in B cells (267). B cell acti-
vation and differentiation is influenced by oxidatively sensi-
tive NFkB and involves leukotriene formation (21), and Se
intake may impinge on these processes. Overall, there is a
need for more data regarding the effects of Se and seleno-
proteins on redox signaling in B cells and how that affects
antibody production in vivo.

C. Adherence and migration of leukocytes

1. Expression of adherence molecules. Cellular infil-
tration into tissues requires efficient adhesion of circulating
blood monocytes and lymphocytes to endothelial cells and
subsequent migration to sites of inflammation. L-selectin is a
member of the selectin family that is expressed on circulating
monocytes and lymphocytes and is important for tethering
and rolling along the capillary wall. Somewhat surprisingly,
human monocytes supplemented with Se (2 ug/ml) were
found to exhibit decreased monocyte rolling and adhesion (1).
This was accredited to increased matrix metalloproteinase-
dependent shedding of L-selectin, and Se supplementation of
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signaling molecules or re-
duced Txn-1, which may in-

fluence the rate-limiting steps of enzymes involved in chromatin remodeling. This can lead a poised state of chromatin that is
able to more quickly respond to TCR-stimulation and rapidly generate mRNA for master regulator proteins such as T-bet.

Txn-1, thioredoxin 1; T-bet, T-box expressed in T cells.
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mice (injected with 2 ug/ml Se as sodium selenite based on
total blood volume) led to increased levels of shedded L-se-
lectin in the sera. Exactly how this may affect cellular infil-
tration and inflammation in humans is unclear, but increased
soluble L-selectin may be an important mechanism by which
Se levels modulate migration or chemotactic capacity of var-
ious immune cells.

In addition to the circulating immune cells, Se levels can
affect the endothelial cells with which they interact. For ex-
ample, Se supplementation (100 nM) of human umbilical vein
endothelial cells (HUVECsS) inhibited expression of vascular cell
adhesion molecule-1 (VCAM-1), intercellular adhesion mole-
cule-1 ICAM-1), and E-selectin stimulated by high glucose
(284). Se supplementation in these experiments also inhibited
insulin-induced VCAM-1 and ICAM-1 expression, whereas
high insulin had no inducing effect on E-selectin. The effects of
Se supplementation at 100nM involved the activation of the
mitogen-activated protein kinase, p38, which was inhibited by
Se. These data were similar to an earlier study showing a dose-
dependent inhibition of TNF-z-induced ICAM-1, VCAM-1 and
E-selectin expression on HUVECs by Se supplementation with
sodium selenite (0-2 uM) (281). In this study, p38 was not ex-
amined but the effects of Se were found to be independent of
NFxB translocation to the nucleus. In a smaller study involving
corticoid-dependent asthmatics with lowered circulatory Se
status, Se supplementation (200 ug/day for 6 months) reduced
expression of adhesion molecules CD11a, CD11b and CD62L
on PBMC (116). This study also examined HUVECs and, sim-
ilar to results from the experiments just mentioned, Se sup-
plementation significantly decreased expression of VCAM-1,
E-selectin (after 3 months), and P-selectins and ICAM-1 (after 6
months). Thus, Se supplementation may reduce adherence
through down-regulation of these surface receptors, although
functional rolling /adherence assays were not included in these
studies. This may reflect a mechanism by which increased Se
intake reduces inflammation.

2. Migration. Data from mice in which a Cre/lox system
were used to delete the tRNA necessary for selenoprotein
synthesis in macrophages (ATrsp™ mice) revealed the re-
quirement of selenoproteins for effective migration of mac-
rophages (35). In this study, the migration of macrophages
from ATrsp™ mice through matrigel compound, which
mimics the extracellular matrix, was decreased compared
with controls. This appeared not to be due to the intrinsic
motility of the ATrsp™ macrophages, because no differences
were observed between ATrsp™ macrophages and controls
when the cells migrated through filter pores in the absence of
the matrigel. The authors’ interpretation was that eliminating
selenoprotein expression was more likely to affect the ability
of the macrophages to secret proteolytic enzymes to alter the
extracellular matrix as they move through the gel. In support
of this view, the authors found that selenoprotein deficiency
led to altered expression of certain genes associated with
breakdown of extracellular matrix.

In the experiments just described for ATrsp™ macrophages,
serum was used as a chemotactic agent in these experiments,
and no data were obtained using more common chemokines
such as monocyte chemotactic protein-1 (MCP-1), which may
have shown quite different results in terms of intrinsic che-
motactic capacity in the absence of selenoprotein expression. In
fact, data from our laboratory involving mice in which only
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Selk was deleted (Selk ™/~ mice) revealed a significant reduc-
tion in the migratory capacity of immune cells (256). Selk /~ T
cells exhibited decreased migration in response to chemokines
including stromal cell-derived factor-1 and regulated upon
activation, normal T-cell expressed, and secreted, whereas
Selk ™/~ neutrophils were impaired for migration in response
to the murine analog of IL-8, KC. This is likely due to the role
Selk plays in Ca>* flux, which is indispensible for chemokine
receptor signaling during immune cell migration (42). Selk-
deficiency was not only important for response to chemokines,
but also for production of certain chemokines as well. For ex-
ample, in vivo production of KC and MCP-1 in response to TLR
agonists or viral infection was decreased in Selk ™/~ mice.
Thus, optimal expression of Selk is important for both aspects
of immune cell migration, that is, production of chemokines to
attract immune cells and chemokine receptor-driven infiltra-
tion of the responding immune cells. Given that Selk expres-
sion in various mouse tissues is sensitive to changes in dietary
Se levels (0.08 —1.0 ppm Se) (256), this selenoprotein represents
an important link between dietary Se and immune cell mi-
gration during inflammation and immune responses.

D. Se and eicosinoid synthesis in macrophages

Eicosinoids are fatty acid mediators derived from arachi-
donic acid (AA) and are made up of five different types:
prostaglandins, prostacyclins, thromboxanes, leukotrienes,
and lipoxins. Eicosinoids are important modulators of in-
flammation and immune responses, and Se levels affect the
synthesis and actions of these mediators. The available data
describing the effects on these mediators illustrate the notion
that not all proinflammatory functions are positively corre-
lated with increased Se intake. At extremely higher levels, Se
can directly react with essential thiol groups on molecules to
form RS-Se-SR adducts and inhibit cell signaling events. For
example, the DNA binding capacity of NF«B in cell lysates
was inhibited by addition of high levels of Se, although the
levels used were toxic (>5-10 uM) (127). At more physiolog-
ical levels or even superphysiological levels of intracellular
Se achieved with Se supplementation (nM concentrations),
there is less likely a direct inhibitory effect of inorganic Se on
NF«B or other signaling molecules. However, elegant exper-
iments involving mouse bone marrow-derived macrophages
(BMDM) and RAW 264.7 mouse macrophages revealed an
important, albeit complex effect of altered cellular Se status
and NFxB activation. In these studies, BMDM were isolated
from mice fed Se-deficient and Se-supplemented diets con-
taining 0.01 or 0.4 ppm Se as described (174, 259). BMDM and
RAW 264.7 cells were cultured in media containing 5% de-
fined FBS with total Se of 6.0nM (low Se) or the same media
supplemented with 2 uM Se (high Se). These studies showed
that, on LPS activation, lower Se status causes decreased
production of the AA metabolite, 15-deoxy-A'*'*-prosta-
glandin J, (15d-PGJ,) (259). Se supplementation increased
15d-PGJ; in a Cox-1-dependent manner, which can form a
15d-PGJ,-IKKf adduct that inhibits IkB kinase f (IKKf) ac-
tivity. This mechanism may explain earlier data showing that
Se-deficient macrophages exhibit increased LPS-induced
NF«B activation and subsequent Cox-2 expression, iNos ex-
presson, and NO production compared with Se-supplemented
macrophages (199, 279). As expected, lower Se status in these
macrophages increased intracellular ROS, consistent with other
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data showing increased ROS with decreased selenoprotein
expression in macrophages (35). Collectively, these data sug-
gest an inverse relationship between Se levels and inflamma-
tory signaling through NF«B and eicosinoids that is driven by
redox tone. It remains unclear which selenoproteins regulate
these processes, but likely candidates include Gpx1l and
Txnrd1, which are both increased with increasing Se intake.

More recently, specific effects of Se levels on eicosinoid
synthesis in macrophages were shown to influence the bal-
ance between proinflammatory and anti-inflammatory
prostaglandins. The initial step of prostaglandin (PG) syn-
thesis involves formation of PGH, from AA by the action of
COX-1 and COX-2. PGH, is subsequently acted on by spe-
cific PG synthases, microsomal PGE synthase-1, thrombox-
ane synthase, and PGD synthase (PGDS), to form
prostaglandin E2 (PGE,), thromboxane A2, and prosta-
glandin D2 (PGD,), respectively (191). During the resolution
phase of inflammation, AA metabolism shifts from the
production of PGE, to that of PGD, and its downstream
product, 15d-PGJ, (235, 241). Hematopoietic PGDS (H-
PGDS) is the enzyme in macrophages that catalyzes the
conversion of PGH, to PGD,, and H-PGD, was shown to be
regulated by the redox state of macrophages in a manner
that depended on their Se status as well as the differential
modulation of peroxisome proliferator-activated receptor y
and NF«xB (79). The data suggested that Se acted to skew AA
metabolism toward the production of PGD,, and in this
manner promoted the resolution of inflammation. This
supports the notion described further next regarding the role
of low Se status in promoting cycles of inflammation and the
use of Se supplementation to resolve this inflammatory
process.

E. Phagocytosis

How do dietary Se levels affect phagocytosis and the sig-
naling pathways involved? In vitro studies involving J774.1
murine macrophages stimulated with mitogens such as PMA
and LPS demonstrated that Se-deficiency (RPMI with 1% FBS)
resulted in decreased phagocytic activity compared with Se-
adequate controls (same media supplemented with 100 nM Se
as selenite) (211). However, the receptor systems involved in
uptake of the beads used for this experiment were not deter-
mined. In a related study published by our laboratory, mac-
rophages from Selk™/~ mice did not exhibit differences
compared with controls in the phagocytosis of similar beads
(256). However, when IgG-opsonized beads were used to
promote phagocytosis of beads through the FcyR, Selk-
deficient macrophages exhibited decreased phagocytosis (our
unpublished data). Macrophages from Selk™/~ mice were
impaired for FcyR-induced Ca®* flux, but not for Ca>* flux
induced by the ionophore, thapsigargin (256). This was ac-
companied by reduced oxidative burst. We have subse-
quently shown that Selk is required for full activation of
macrophages during FcyR-mediated phagocytosis and pro-
duction of soluble mediators (our unpublished data). Inter-
estingly, production and secretion of MCP-1 was not affected
by Selk-deficiency. This is consistent with findings in which
macrophages for the ER membrane protein crucial for Ca®*
flux, Stim1, were not different from wild-type macrophages in
FeyR-induced MCP-1 secretion (26). This very likely affects
the special role that chemokines like MCP-1 play in attracting
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monocytes and macrophages for both inflammatory functions
as well and noninflammatory functions such as engulfment of
apoptotic cells and wound-healing (162).

F. Inflammation linked to ER stress

One molecular mechanism linking Se status with inflam-
mation was identified when single nucleotide polymorphisms
in the human gene encoding selenoprotein S (SELS or SEPS1)
were correlated to serum concentrations of proinflammatory
cytokines, for example, IL-6, IL-1, and TNF-« (47). Related to
this finding, polymorphisms in the SELS gene as well as the
gene encoding another ER selenoprotein, SEP15, were re-
cently correlated to increased risk for colorectal cancer (247).
SELS has been shown to be a glucose-regulated protein in-
volved in the retrotranslocation of misfolded proteins from
the ER into the cytosol for proteasomal degradation (80, 128).
As just described, Sels expression is increased by LPS-
treatment in mice in a manner dependent on both Se status
and gender (243). In this sense, low expression of SELS and
other ER selenoproteins involved in protein folding (SEP15
and SELM) may increase inflammatory cytokines through
increased ER stress (Fig. 13). SELK is another ER protein
linked to ER stress in the human cell line, HEPG2 (60).
However, in vivo deletion of Selk by itself did not increase ER
stress or affect levels of inflammation in mice (256). In addi-
tion, it remains unknown whether SELT and SELN are in-
volved in ER stress or inflammation.

VIil. Linkages Between Se and Human Disease
A. Se supplementation to boost anti-viral immunity

1. Se levels can affect the virus itself. Viral diseases are
affected by Se levels, and one disease for which Se supple-
mentation to overcome Se-deficiency has been particularly
effective as a preventive modality is Keshan disease (270), a
myocarditis mainly occurring in regions of China with low
soil Se. A suspected co-factor in the etiology of Keshan disease
is coxsackievirus B3 (CVB3), which may become more viru-
lent under low Se status in the infected host (17). In fact,
changes in the virus itself have been more clearly established
as a mechanism by which Se-deficiency promotes the devel-
opment of Keshan disease than impaired immunity or chronic
inflammation (119). Findings from the laboratory of Melinda
Beck have shown that CVB3 and influenza A may be mutated
under conditions of oxidative stress induced by low Se status
(16), and virulence of other RNA viruses may also be influ-
enced by Se intake. Thus, when considering potential im-
mune-enhancing effects of Se supplementaiton, the effects
that may be exerted on the virus itself should be considered in
addition to immunity.

2. Human immunodeficiency virus 1/acquired immune
deficiency syndrome. Se supplementation offers an inex-
pensive method for slowing disease progression for human
immunodeficiency virus (HIV-1)-positive individuals. Data
from animal models and human studies strongly suggest that
Se status declines in the advanced stages of acquired immune
deficiency syndrome (AIDS) (15, 63, 273). The implementation
of highly active antiretroviral therapy (HAART) to combat
HIV-1 infection has improved immune system function in
infected individuals, and HAART also appears to reduce any
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FIG. 13. Selenoproteins in the ER reg-
ulate inflammation in part through ef-
fects on protein-folding. Evidence has
been presented for roles for SelS and Selk
in regulating ER stress. SelM and Sep15
have been suggested to play key roles in
protein folding. Altogether, low Se intake
may lead to low expression of these sele-
noproteins. Decreased expression of some
or all of these selenoproteins may cause
an increase in misfolded proteins and
cause ER stress. This may lead to secre-
tion of proinflammatory mediators by
affected cells and eventually increased
inflammation.
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effect of HIV-1 infection on Se status (209). The real question is
whether Se supplementation in HIV-1-positive individuals
can reduce morbidity and mortality, and results from inter-
vention studies have been inconclusive (48). HIV-1 replication
appears to favor intracellular oxidative stress, and whether
levels of Se supplementation may be optimized to reduce
oxidative stress, this may offer a means to control infection.
Endogenous levels of antioxidant selenproteins such as GPX1
and 4 and TXNRD1 increase with Se supplementation, but
this is diminished with HIV-1 infection (87, 109). There is
evidence of a direct effect of Se supplementation on reducing
HIV-1 pathogenesis. In this study, human U937 monocytes
were grown in basal media containing 7 nM Se as a baseline or
with Se supplementation (25-1000 nM). Data have shown that
TXNRDY, a selenoprotein that is highly sensitive to Se status,
targets the HIV-1 protein Tat and directly inhibits HIV-1
replication (121). HIV-1 infects immune cells including T cells,
macrophages, and dendritic cells and causes immunosup-
pression, and increased Se status leading to higher levels of
Txnrd1 may directly lower Tat-dependent viral replication in
these cells. Thus, increasing Txnrdl expression along with
other selenoproteins by supplementing HIV/AIDS patients
with Se may provide a potentially inexpensive therapy.

3. Influenza viruses. Studies comparing Se-deficient to
Se-sufficient mice infected with influenza A virus [Influenza
A/Bangkok/1/79 (H3N2)] demonstrated the importance of
adequate Se intake for viral clearance and recovery (18). Viral
titers were similar between Se-deficient and Se-sufficient
hosts. However, Se-deficiency appeared to alter the immune
cell subsets and cytokine profiles during the course of infec-
tion. The cytokines produced by immune cells responding to
influenza infection were altered by Se status, but no mecha-
nistic data were presented to explain these differences. Inter-
estingly, Se status had no effect on antibody production, thus
suggesting that Se-deficiency affects cell-mediated immunity
to a greater extent than humoral immunity in this model.

Recently, Se supplementation was found to be protective
against HIN1 influenza infection (278). In this study, mice
were fed deficient (0 ppm), adequate (0.2 ppm), and supple-
mented (0.3-0.5 ppm) levels of Se in their diets and infected
with HINT1 at a dose that resulted in 41% survival in mice fed
adequate Se diets. Only 25% mice fed low Se diets survived,
but 75% mice fed higher Se diets survived. Anti-viral cyto-
kines, TNF-« and IFN-y, were increased with increasing die-
tary Se, but no indicators of adaptive immunity or humoral
immune response were evaluated. Interestingly, there was no
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clear correlation between dietary Se and clearance of HINI1 as
measured by viral titers. This is similar to the results in ex-
periments just described for H3N2, where viral titers were not
affected and suggest that the effects of Se levels on survival
were dependent on more than just improved viral clearance.
More complete analyses of viral clearance using different
doses of input virus or evaluation of different tissues over
time may have revealed more robust anti-viral responses with
increased Se intake. In addition, no information was obtained
regarding RNA genomic mutations possibly induced by
lower Se intake. Regardless, the correlation between increased
dietary Se with increases in anti-viral cytokines and improved
resistance to influenza infection suggest that higher Se intake
is beneficial for fighting these infections.

4. Poliovirus. A rare study in humans demonstrated a
boost in anti-poliovirus immunity in individuals supple-
mented with Se (29). In this study, individuals with low Se
status were supplemented with either 50 or 100 ug Se daily for
15 weeks and then orally vaccinated with live, attenuated
poliomyelitis vaccine and evaluated for immune responses. Se
supplementation boosted T cell numbers and anti-viral cyto-
kines like IFN-y, and led to more rapid viral clearance. Once
again, humoral responses were not affected by Se supple-
mentation, suggesting B cell function may not be influenced to
the same extent as T cells for this pathogen.

B. Critical illness stress-induced immune suppression

Studies have suggested that acquired critical illness stress-
induced immune suppression (CRISIS) plays a role in the
development of nosocomial infection and sepsis, particularly
in critically ill children (65). Deficiencies in trace elements, Se,
and zinc, and other nutrients may exacerbate CRISIS. In fact,
several different inflammatory conditions in humans such as
clinical sepsis have been associated with significantly de-
creased Se status (107, 152). Injection of LPS in rats to induce
an acute phase response results in significantly decreased Se
in plasma and liver (152). The mechanisms by which this oc-
curs are becoming clearer with recent studies. For example,
there is evidence from studies in mice that acute phase re-
sponse to LPS causes a decrease in selenoprotein synthesis in
the liver (203). LPS led to a down-regulation of factors in-
volved in selenoprotein synthesis, including the EFsec, sele-
nophosphate-synthetase 2 (Sps2), Sec-tRNAS1Se¢ synthase,
and Pstk. The liver is the predominant site of synthesis of
SELP, which is secreted into the plasma and delivers Se to
other tissues via its ten Sec residues as just described in detail.
The human SELP promoter has been shown to be negatively
regulated by proinflammatory cytokines in human hepato-
cytes in vitro (58). Thus, sepsis may trigger a pathogenic cycle
in which sepsis and inflammatory cytokines decrease in SELP
synthesis in the liver, which leads to lower Se levels in other
tissues, which increases oxidative stress and further increases
in inflammatory responses (Fig. 14). For the immune system,
lower Se status may not only lower signaling capacity of
lymphocytes and innate immune cells, but may also lead to
stress-induced lymphopenia (34). Engulfment of apoptotic
lymphocytes by macrophages could then lead to a predomi-
nant M2 phenotype and further suppress immunity.

Intervention with Se supplementation has been proposed
as an inexpensive means to mitigate the effects of CRISIS and
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FIG.14. Cyclical decrease in Se status under conditions of
sepsis or other types of inflammation. Initiated by sepsis or
circulating LPS, inflammatory cytokines cause down-
regulation of SelP biosynthesis, which leads to decreased
delivery of Se to tissues, which can further promote inflam-
mation as described in Figure 13. In addition, inflammation
can cause increased vascular permability in certain tissues,
which also can contribute to possible loss of Se from circu-
lation and exacerbate inflammation. Intervention with Se
supplementation may attenuate conditions involved in this
cycle by increasing overall Se in circulation and inhibiting ER
stress or other oxidative stress conditions, thus leading to an
overall decreased inflammatory response.

other conditions involving sepsis. In this study, C57BL/6]
mice were transferred at the age of 45 days to a Se-poor diet
(0.1 ppm Se), then they received 100 M Se as sodium selenite
in drinking water for 3 days. Se supplementation was shown
to decrease the acute inflammatory response in LPS-injected
mice as measured by TNF-o, IL-6, and MCP1 (243). The effect
was evident only in males, suggesting a sex-specific rela-
tionship between Se status and sepsis. An animal model of
sepsis utilizing sheep demonstrated that a large-bolus injec-
tion of Se (2mg Se as sodium selenite) had more beneficial
effects than continuous administration of Se (4.0 ug/kg per h)
(263), although the conclusions of this study require follow-up
investigation to determine if these results are duplicated in
humans. In humans, treatment of critically septic patients
with Se supplementation seems to improve clinical outcome
in terms of infections and organ failure (8, 205), but larger
intervention studies are required before conclusive results can
be obtained. Importantly, dosage and timing of Se adminis-
tration (best results with >500 ug/day) must be carefully
evaluated so as to not endanger these patients (97).

C. Systemic inflammatory response syndrome

In addition to the potentially important role of Se in CRISIS
just described, systemic inflammatory response syndrome
(SIRS) is another syndrome related to critical illness in which
Se status may play a key role in clinical outcome. SIRS is
characterized by a disruption of normal cytokine regulation
resulting from infectious or noninfectious origin and is cur-
rently diagnosed by the presence of two or more of the fol-
lowing factors: fever, heart rate >90 beats/min, respiratory
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rate of >20 breaths/min, or abnormally low or high white
blood cell count (>12,000/ul or <4000/ ul). The broad defi-
nition of SIRS and the numerous underlying causes make this
an especially difficult condition to characterize and treat. SIRS
is characterized by an early decrease in Se status as demon-
strated by low plasma Se, GPX3 activity, and SELP levels (73,
154, 214). The changes in Se status observed during SIRS
suggest that this nutritional factor may serve as a potential
biomarker or prognostic indicator for intensive care unit pa-
tients with SIRS. One study demonstrated that there was a
correlation between initial plasma Se levels and clinical out-
come, with patients with SIRS exhibiting lower Se levels
(<0.07 uM) presenting with a higher rate of nosocomial
pneumonia, organ system failure, and mortality (74). Despite
intervention measures in SIRS cases using Se supplementa-
tion (40 ug/day), patients with low initial Se levels tended to
stay low and this was particularly true in patients whose
condition worsened. Another study that confirmed the asso-
ciation between Se levels and SIRS outcome demonstrated
that GPX3 activity was decreased in patients with severe SIRS
(154).

Based on the correlative data just described, there has
emerged an interest in the use of Se supplementation as an
intervention of SIRS. Five studies conducted between 2007
and 2011 investigated the potential beneficial effects of Se
supplementation (as sodium selenite) on SIRS and sepsis pa-
tient outcomes (8, 72, 123, 169, 252). Study populations in
three of these studies ranged from 35 to 150 patients with
initial doses of 400 to 4000 ug Se followed by daily infusions,
and results showed increases in plasma Se and GPX3 levels.
The investigators noted that although mortality rates were
unaffected, the disease in the Se supplemented group was less
severe as assessed by sepsis-related organ failure. One study
involving 238 sepsis patients used a bolus of 1000 ug Se fol-
lowed by 14 days of continuous intravenous injection (1000 ug
Se/day) and reported increased GPX3 and plasma Se levels
along with a significant decrease in mortality rate in the Se
supplemented group relative to the placebo group (8). An-
other study involving 35 patients with SIRS used a bolus of
2000 ug Se followed by 10 days continuous infusion with
1600 ug/day, and results showed a significant decrease in the
incidence of infection and severity of the illness (154). These
studies illustrate the complex roles of timing and dosage for
using Se in treating SIRS while suggesting a generally nega-
tive correlation between Se levels and illness severity. None of
the studies reported any negative short-term effects of phar-
maceutical concentrations of Se supplementation.

There may be particular benefits with the early, transient
pro-oxidant effect of sodium selenite as a therapeutic strategy
to reverse the proinflammatory states that accompany severe
sepsis and septic shock. A comparison of four studies of Se
supplementation demonstrated that critically ill patients
consistently showed decreased plasma Se concentration (258).
However, supplementation with Se at <1000 ng/day showed
little effect on mortality rate, whereas bolus doses of >1000 ug
Se followed by continued intravenous supplementation pro-
duced mixed but potentially promising results. A bolus dose
of sodium selenite in the early phase of septic shock may act as
a pro-oxidant and inhibit NFxB binding to DNA through
disulfide bond stabilzation, regulating gene expression and,
thus, the synthesis of proinflammatory cytokines at an early
stage of SIRS (157). In this sense, the pro-oxidant properties of
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sodium selenite may be beneficial early in the course of septic
shock if they reduce inflammation either by inhibiting the
activation of NF«B or by inducing a proapoptotic effect on
activated circulating cells, and intervention with a bolus of Se
may provide an effective treatment modality during SIRS and
other critical illnesses.

D. Intestinal inflammation and food-borne illnesses

IBD is a chronic, relapsing, and remitting inflammatory
condition characterized by excessive local inflammation and
tissue damage that can lead to loss of the intestinal barrier
function. Oxidative stress plays a major role in the patho-
genesis of IBD, with reduced antioxidant capacity shown to
exacerbate disease (133). In some cases, IBD has been associ-
ated with decreased Se status (84, 206), but other studies failed
to confirm these findings (231). High Se supplementation
(2 ug/g body weight) was shown to prevent inflammation
and improve the health of affected tissue in a rat model of
dextran sodium sulfate (DSS)-induced colitis (249). Selp is
among the selenoproteins expressed at the highest levels in
the intestine (104, 179), and this protein may play a particu-
larly important role in the pathogenesis of colitis. In a mouse
model of colitis utilizing DSS treatment, Selp mRNA was
decreased in the colon of DSS-treated mice (237). In addition,
the inflammatory cytokines produced during colitis reduce
production of SELP in human intestinal epithelial Caco-2 in a
nitric oxide-dependent manner. This may reflect a particu-
larly important role for SELP in the M1 to M2 switch in
macrophage phenotype, without which resolution of inflam-
mation may not procede. Thus, colitis may involve a cyclical
decline of bioavailable Se similar to that just described for
patients with sepsis and lead to a chronic inflammatory dis-
ease state.

Listeriosis and salmonellosis are two food-borne bacterial
diseases in humans. Early studies in rats and a recent study in
mice have demonstrated impaired immunity in Se-deficient
rodents during infection with Listeria monocytogenes, the main
causative pathogen of listeriosis in humans (181, 262). The
impaired responses resulting from low Se intake included
decreased cytokine secretion and reduced NK cytotoxicity. In
addition, antioxidant markers were higher in the Se-adequate
mice compared with Se-deficient mice. Not all cell-types ap-
parently require adequate Se levels for anti-bacterial func-
tions. For example, killing of Salmonella typhimurium and
Staphylococcus aureus by neutrophils was found to be unaf-
fected by Se-deficiency (25). However, the full benefits of
adequate Se status during S. aureus infection may not be
achieved except under conditions of high bacteremia, because
only injection of high doses of bacteria produced mortality
differences when comparing Se-deficient and -sufficient rats.
Overall, these studies highlight the importance of maintaining
adequate levels of Se intake for full immunity against bacterial
pathogens. Supplementation with Se above adequate levels
was not included, so no conclusions can be drawn regarding
any potential for further immune enhancing or protective
effects from above-adequate Se diets.

Food-borne pathogens such as Escherichia coli O157:H7 and
others may lead to human diseases ranging from diarrhea to
hemorrhagic colitis and hemolytic uremic syndrome. Se-
deficiency has been shown to exacerbate infection of mice
with Citrobacter rodentium, which shares many characteristics
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with human enteropathogenic (EPEC13) and enterohemor-
rhagic E. coli (EHEC) (233). Infections with this pathogen in
mice produce robust immune responses characterized by a
mixed Th1/Th17 response (100, 114). Enteropathogenic E. coli
(EPEC) and EHEC (e.g., E. coli O157:H7) are food-borne
pathogens that are the causative agents for human diseases
ranging from diarrhea to hemorrhagic colitis and hemolytic
uremic syndrome. A recent study demonstrated an interest-
ing effect of Se status on the composition of gut microbiota in
mice (124). The diversity of intestinal microflora increased
with increased Se intake, and there was potential competition
between gut micobiota and the hosts for usage of available Se.
Thus, Se intake levels may affect enteric bacteria composition
and this may, in turn, influence host selenoprotein expression
and immunity.

E. Allergies and asthma

1. Epidemiology. Asthma is a multi-factorial inflamma-
tory syndrome characterized by airway hyper-responsive-
ness, wheezing, coughing, and shortness of breath (146, 167).
The complex etiology of asthma involves genetic, allergic,
environmental, infectious, emotional, and nutritional factors
(151). Genetic polymorphisms in humans and studies in ani-
mals suggest that oxidative stress is a contributing factor in
the development and severity of asthma (204). However,
correlations between Se status and asthma have not been
consistently demonstrated. For example, a number of epide-
miological studies have reported that asthma incidence,
prevalence, or severity is associated with reduced Se status
(52, 69, 92,120, 130, 170, 190, 202, 228, 244). This is in contrast
to findings in a large, multi-regional study conducted under
the Global Allergy and Asthma European Network, in which
asthma prevalence/severity data from 14 centers in Europe
showed no significant association between Se status and
asthma levels (33). Other studies also have failed to confirm a
link between Se levels or GPx activities and development of
asthma. One study has even suggested that Se levels or GPx
activities were positively associated with severity of bronchial
responsiveness (81). A large pregnancy study demonstrated
that low Se levels in umbilical cord blood were negatively
associated with persistent wheeze in young children (225).
Another study found that maternal plasma Se concentration,
but not GPx activity, in early pregnancy and in cord blood
was inversely associated with wheezing in early childhood
(56). Overall, results of these studies are conflicting, and it is
difficult to clearly define the relationship between Se status
and asthma, particulalry with cross-sectional study designs.
This may be due to the multi-factorial etiology of this disease
or variations in the study populations involved in these dif-
ferent studies (age of allergen exposure, atopic versus non-
atopic, fluctuations in Se status over the course of disease
progression, etc.). Another potential reason may be that Se
status also can affect the immune system and the T helper
responses that drive allergic asthma (atopic asthma).

2. Mouse models of allergic asthma. Oxidative stress is a
major factor contributing to the development of allergic
asthma. Allergen challenge in the lung induces rapid in-
creases in the oxidized to reduced glutathione ratio as well as
ROS levels that preceed inflammatory cell infiltration (193).
Dietary Se levels have been shown to alter the development of
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FIG. 15. Results from mouse models of allergic asthma
suggest that dietary Se levels may alter disease outcome. In
relationship to the affects of dietary Se on T helper cell dif-
ferentiation as outlined in Figure 10, low Se status leads to an
overall lower immune response to Th2-inducing allergens.
Increasing Se status to adequate levels increases TCR signal
strength and enables stronger Th2 responses that drive al-
lergic asthma. Further increasing Se status with Se supple-
mentation further increases TCR signal strength, but skews
CD4" T cell away from Th2-type that drives allergic asthma.

ovalbumin (OVA)-induced allergic asthma in mice (Fig. 15).
Low Se status resulted in lower Th2- or Thl-type immunity
compared to adequate Se status, whereas above-adequate Se
status appeared to skew T helper responses away from the
Th2-type responses that drive allergic asthma (102, 105). Do
selenoproteins play a protective role or do they promote
asthma? Data from mouse studies have suggested that ex-
pression of certain selenoproteins may be induced during
asthma. For example, lung Gpx1 and liver Selp were increased
in OVA-challenged mice compared with controls (105). A
recent study reported that expression of Gpx2 was increased
after induction of allergic airway disease, whereas mice with
targeted disruption of the Gpx2 gene showed significantly
enhanced airway inflammation compared with wild-type
mice (57). These observations suggest that Gpx2, which is
more often associated with the intestinal epithelium, may play
an important role in protection from allergen-induced disease.
In another study, attenuation of allergen-induced eosinophilic
infiltration and airway hyper-responsiveness was observed in
Gpx1-deficient mice compared with wild-type mice (268).
Thus, different Gpx enzymes may have opposing effects on
asthma (164). This could be due to their multiple roles in
regulating both oxidative stress and immunity during the
development of allergic asthma in mice. Overall, mouse die-
tary studies have revealed some information regarding the
crosstalk between Se status, redox tone, inflammation, and T
helper immune responses. Evidence is clear that T helper cell
differentiation is affected by Se levels. However, further in-
vestigation is needed to better understand how Se intake may
influence the development of asthma in humans and the role
of specific selenoproteins in the complex pathogenicity of al-
lergies and asthma.

3. Intervention with Se supplementation for patients with
asthma. Similar to the epidemiological data just described,
results from intervention studies aimed at determining the
effectiveness of Se supplementation for reducing the inci-
dence or severity of asthma have also been unclear. For ex-
ample, one study reported significantly decreased
consumption of corticosteroids after Se supplementation with
200 ug/day for 96 weeks in corticoid-dependent asthmatics
(82). However, other studies failed to confirm any benefit
from Se supplementation for 99 asthmatic adults using
100 ug/day Se as high-Se yeast or for 54 allergic adults using
76 ug/day Se as high-Se garlic (61, 226). Based on these
findings, Se supplementation has not generally been
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recommended as a therapeutic modality for reducing asthma
burden. However, combining Se supplementation methods
with other treatments may prove more effective. Allergen-
specific immunotherapy (IT) is a promising treatment mo-
dality for allergies and asthma that involves the delivery of
increasing doses of allergen with the goal of inducing long-
term desensitization and relief of symptoms. Althoguh IT has
proved effective for allergic conditions such as rhinitis and
conjunctivitis, the efficacy of IT for treating allergic asthma
has been less impressive (24). IT is currently the only disease-
modifying treatment for asthma, but improvements need to
be made to current IT modalities to make it more effective and
safe. The overall goal of IT is to divert immune responses
away from CD4" T helper Th2-type to Th1l/T,es-types. Aug-
menting IT treatments to more effectively divert responses in
this manner would improve the efficacy of this treatment.
Given the effects of Se supplementation on skewed T helper
responses, it may provide the ideal means to augment IT
therapy.

F. Cystic fibrosis

Cystic fibrosis (CF) is a hereditary disease caused by a
mutation in the gene for the protein cystic fibrosis trans-
membrane conductance regulator (CFTR), which is required
to regulate the components of sweat, digestive juices, and
mucus. Respiratory problems in CF arise from inhibited mu-
cociliary clearance in the airways, exacerbated inflammation
and persistent airway infection that leads to progressive
damage of the lung tissue, due in part to oxidative stress (31).
This notion has generated interest in the use of Se supple-
mentation to mitigate the oxidative stress in the lungs of pa-
tients with CF. There have been some data demonstrating
benefits of antioxidant supplementation that includes Se as an
ingredient, and a demonstrated improvement in lung func-
tion in patients with CF (269). Moreover, there are epigenetic
manifestations of CF that are related to Se deficiency, and
antioxidant supplementation has been found to provide
benefits (260, 261). However, similar to asthma, there appears
to be conflicting evidence regarding the clinical effectiveness
of supplementation with Se or other antioxidants in CF (227).
It is interesting to note that the inflammation involved in CF
may lower Se status, similar to some other types of inflam-
mation (165). Thus, it would be worth further investigating
the relationship between CF, Se status, and the cause-and-
effect relationship between Se levels and the inflammatory
processes that accompany CF.

G. Autoimmunity

ROS appear to have a dual role in autoimmune diseases.
Rheumatoid arthritis (RA) is one example where ROS may
promote inflammation and progression of disease (67). ROS
have also been suggested to be involved in the pathogenesis of
multiple sclerosis (86) and type-1 diabetes (40). However,
there is emerging evidence that ROS also play an important
role in preventing autoimmune responses (112). A mutation
in the Ncfl gene, which encodes the p47P"°* subunit of the
NOX2 complex, leads to reduced ROS and enhanced auto-
immune disorders such as RA (111, 189). This is consistent
with data showing that sustained ROS generated from NOX2
during lymphocyte activation are required for turning off
certain signaling components and down-modulating the ac-
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tivation process (136). Another mechanism by which ROS
affects autoimmunity relates to the role of ROS in the con-
trolled deletion of activated T cells that occurs on antigen
restimulation, which is important for maintaining T cell
equilibrium during an immune response. This process is
termed activation-induced cell death (AICD), and antioxi-
dants have been shown to inhibit AICD in T cells (89). The
effects of dietary Se on AICD have not been evaluated, but
increased dietary Se affects redox tone in unstimulated T cells
and ROS generation in stimulated T cells (102).

There are important links between Se levels and autoim-
munity, with the best example being autoimmune thyroid
diseases such as Hashimoto’s thyroiditis (HT). Clinical studies
have demonstrated that in patients with HT, Se supplemen-
tation reduced thyroid peroxidase autoantibody titers signif-
icantly as compared with the control subjects receiving
placebo (250). Since Se levels affect both the thyroid gland and
the immune system, it has been difficult to determine the
contribution of each to the observed effects with HT. It is
worth noting that all studies using Se to successfully treat HT
were conducted in or near mainland Europe with nearly all
exclusively enrolling female subjects, and whether male pa-
tients similarly benefit from Se treatment remains unknown.
In addition, it remains unclear how Se supplementation may
affect HT in patients with higher baseline Se status. A recent
study utilizing a mouse model of autoimmune thyroiditis and
Se supplementation (0.3 mg/L in the drinking water) impli-
cated T, cells as a key factor by which Se exerts its effects
(274). In particular, the autoimmune mice had fewer T, cells
and reduced Foxp3 mRNA expression in splenocytes com-
pared with controls without disease. The percentage of Tieg
cells and expression of Foxp3 mRNA in autoimmune mice
were increased by Se supplementation. Mice that received Se
supplementation also had lower serum autoantibody titers
and reduced lymphocytic infiltration in thyroids than un-
treated autoimmune mice.

Tieg cells play an important role in preventing autoimmune
responses, and Se supplementation may affect levels of Tieg
cells that arise from the thymus (natural T,cg) or during dif-
ferentiation of naive T cells (induced Tieg). Treg cells have
different redox properties from conventional CD4" T helper
cells and are more resistant to the proapoptotic effects of H,O,
(176). This may be related to higher expression of Txn1, which
affects their effector role in preventing prolonged or excessive
immune responses and, perhaps, autoimmunity (175). As just
described , Txn1 enzymatically reduces a variety of molecular
substrates and in the process is itself oxidized. Regeneration
of reduced Txn1 in the cytosol is carried out by the seleno-
protein, Txnrdl. Levels of Txnrd1l in T cells is directly corre-
lated to Se intake and Se intake is linked to expression of Treg
markers on T cells as shown in Figure 11. However, it remains
unknown whether a higher intake of Se increases the sup-
pressive function of Tieg cells.

Other possible links between Se status and autoimmunity
have been suggested in studies focus on RA. RA is an auto-
immune disease that causes chronic inflammation of the joints
that can also cause inflammation of the tissue around the
joints, as well as in other organs in the body. In a small study
involving 46 patients with RA and 48 age-matched controls,
serum Se levels were significantly reduced in RA (194). In the
RA group, there also was evidence for increased lipid per-
oxidation, as urinary 8-isoprostane levels were significantly
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elevated. Whether Se status was a causative factor in RA or an
effect of the chronic inflammation caused by this disease was
not clear. Interestingly, insulin and adiponectin were also
significantly increased, whereas insulin sensitivity was de-
creased in patients with RA. Plasma glucose levels were un-
changed. This is important, given the relationship between
extremes in Se status and diabetes described in more detail
below.

H. Se supplementation and aging immunity

The bioavailability of Se along with ~30 other minerals
and vitamins (V/M) has dramatic effects on the aging process
(159). One notion of these nutrients in relation to aging is
referred to as the triage theory, which proposes that when the
dietary availability of a V/M is moderately inadequate, na-
ture ensures that V/M-dependent functions that are essential
from an evolutionary perspective are protected at the expense
of those functions that are less essential. In other words, this
guarantees that shortages do not have acute short-term neg-
ative consequences but may have long-term insidious effects
that increase risk of diseases associated with aging (6). The
triage theory does not imply that any particular V/M defi-
ciency is the only cause of an age-related disease but rather
that it is a contributing factor along with the sum of all con-
tributing causal factors. The aging process leads to a pro-
gressive decline in many physiological processes, including
immune responses (142). According to the triage theory, im-
mune response would likely fall into the “less essential” cat-
egory, with V/M deficiencies causing insidious problems that
are less overt and accumulate over time. Consistent with this
notion, there are immune deficiencies associated with V/M
deficiencies that emerge mainly in postreproductive ages
(158).

A major issue with immunological aging is the cumulative
oxidative damage to cellular components over time, and nu-
tritional intervention may help to prevent or limit such
damage. Since Se is a potent dietary antioxidant, it should be
considered in studies focused on nutritional effects on the
aging immune system. This is especially true given that el-
derly individuals are at risk for low Se status in certain pop-
ulations (10, 149). Se is incorporated into important
antioxidant enzymes such as the GPX enzymes, which pro-
vide direct protection against ROS. In addition, selenopro-
teins such as the TXNRD enzymes, SELR (methionine
sulfoxide reductase B1), and perhaps others play key roles in
regulating redox tone or reversing oxidative damage inflicted
on cells. This suggests that adequate or above-adequate levels
of Se may be beneficial for maintaining proper immune re-
sponses in aging individuals. A small study involving 89 men
and women aged 65 to 80 years evaluated several nutritional
markers to determine which, if any, correlated with prolifer-
ative capacity of blood lymphocytes (264). Se was one of four
nutrients found to positively correlate with proliferative ca-
pacity. Thus, the potential decline in Se status in the elderly
may be a major contributing factor to decline immunity, al-
though the data to support this are not entirely clear (224).

Aging is associated with reduced IL-2 production and
decreased T cell proliferative capacity. The role of Se in
maintaining optimal T cell responses should take into con-
sideration synergism between Se and other required nutri-
ents. For example, vitamin E has been shown to be important
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for improving specific age-related T cell signaling events in
naive CD4™" T cells (155). Dietary Se may act in concert with
vitamin E to boost aging immunity. In fact, most studies in
aging individuals include several nutritional supplements in
combination. The evidence is limited, but overall it suggests
there are benefits of supplementation with Se and other an-
tioxidants to prevent declining immune system function.

I. Lymphedema

Lymphedema occurs when excessive protein-rich fluid
accumulates in the extravascular interstitial spaces as a con-
sequence of impaired lymphatic drainage. This condition may
arise as a potentially serious complication from treatment of
patients with breast, gynecologic, or genitourinary cancers
(234). There is some association of the degenerative changes
that occur during lymphedema with excessive generation of
oxygen radicals, which has led to the investigation of Se
supplementation as a treatment modality. For example, pa-
tients who have undergone postmastectomy with lymphe-
dema of the arm were administered sodium selenite orally
(800 ug Se/day on days 1 through 4, 500 ug Se/day on days 5
through 28), and findings indicated a spontaneous reduction
in lymphedema volume and normalized blood parameters
in a manner consistent with diminished oxygen radical
production (126). In a randomized, placebo-controlled, double-
blind study with patients with postmastectomy lymphedema
undergoing combined physical decongestion therapy (CPDT),
sodium selenite at similar dosages increased the efficacy of
CPDT and improved the mobility and heat tolerance of the
affected extremity. The patients in this study received 1000 ug
of Se/day orally during the first week, 300 ug Se/day during
the second and third weeks, and a maintenance dose of 100 ug
Se/day during 3 months of follow-up. All patients remained
erysipelas-free during the 3 weeks of CPDT and the 3-month
follow-up period (126). In another study, 12 patients with
edema of the arm and 36 patients with edema of the head-
and-neck region were treated with sodium selenite (350 ug/
m? body surface over 4 to 6 weeks) for therapy-related
lymphedema (166). Ten of the 12 patients with arm edema
showed improvement, and the findings with the overall study
population suggested that sodium selenite had a positive ef-
fect on secondary-developing lymphedema caused by radia-
tion therapy alone or by irradiation after surgery. Although
results show a potential benefit of Se supplementation in at-
tenuating lymphedema, meta-analysis have suggested that
there are not enough data to reach a clear conclusion (54), and
further research is needed.

J. Se supplementation and inflammation
associated with diabetes

Some alarming and surprising data regarding Se supple-
mentation and type-2 diabetes came to the forefront in 2009
when findings were published from the Se and vitamin E
cancer prevention trial (SELECT) (145). SELECT was a phase-
3 randomized, placebo-controlled trial of Se (200 pg/day from
L-Se-Met), vitamin E (400 IU/day of all rac-z-tocopheryl ace-
tate), or both for prostate prevention. SELECT was one of the
largest human cancer prevention trials ever undertaken, but
was discontinued well before the planned 12 year interven-
tion period had been completed. Contributing to the early
termination of this study was a slight but statistically
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nonsignificant increase in type-2 diabetes mellitus within the
Se-supplemented group. It is important to note that the link
between Se supplementation and type-2 diabetes in this study
may have involved study design issues (93), and it was based
on the observation that of a total of 1202 subjects, 58 diabetes
cases occurred in the Se-alone group compared with 39 in the
placebo group. Although these facts call into question the
conclusions drawn from SELECT regarding diabetes risk
from high Se intake, there are other findings that support such
a correlation. For example, increased GPX1 activity has been
hypothesized to interfere with insulin signaling. Mild insulin
resistance associated with pregnancy was shown to be ac-
companied by increased GPX activity in humans (41). Further,
transgenic mice overexpressing Gpx1 developed a type-2 di-
abetes-like phenotype characterized by insulin resistance,
hyperglycemia, hyperinsulinemia, and obesity (161). In fact,
perturbing the axis of selenoprotein expression toward either
deficient or over-expressed levels may dysregulate glucose
homeostasis and promote the development of diabetes (139).

The SELECT findings may be attributed to the fact that the
serum Se levels of diabetics tend to be higher than those of
diabetes-free controls not because they were taking supple-
mental Se, but due to disease-related changes of the serum
protein levels. In a recent study, serum SELP concentrations
were higher in patients with type-2 diabetes or prediabetes
than those with normal glucose tolerance (275). Moreover,
SELP levels correlated with serum C-reactive protein (CRP)
levels and carotid intima-media thickness, which are an in-
dicator of inflammation and atherosclerosis, respectively. The
relationship between SELP and CRP was very strong
(72=0.962, p<0.001), and this association persisted after ad-
justment for other confounding factors. The inflammatory
conditions involving adipose tissue during type-2 diabetes are
quite different from those associated with sepsis, and the af-
fects on SELP expression are different as well. As just de-
scribed, sepsis actually decreases hepatically derived SELP in
the serum. Misu et al. showed that hepatic SELP mRNA ex-
pression was increased in human liver samples from patients
with type-2 diabetes (171). Zhang et al. found that Selp mRNA
was significantly reduced in adipose tissue of ob/ob and
high-fat diet-induced obese mice as well as in primary adi-
pose cells isolated from Zucker obese rats (282). Adipocytes
and hepatocytes appear to have opposite reactions to diabetic
inflammation, and adipocytes may down-regulate Selp ex-
pression in response to higher insulin. However, adminis-
tration of Selp increased insulin resistance in both hepatocytes
and myocytes (171). Thus, there are some contrasting findings
that may involve species differences and the cause-effect re-
lationship between SELP expression in the liver and adipose
tissue during type-2 diabetes requires clarification.

The link between Se and type-2 diabetes is indeed a con-
troversial one. As just mentioned, the association found in the
SELECT trial was not statistically significant. In fact, a longi-
tudinal study showed that the risk of dysglycemia was sig-
nificantly lower in men with plasma Se in the highest tertile
compared with those in the lowest tertile, but no significant
relationship was observed in women (3). This finding re-
mained after controlling for potential confounders. When
comparing this trial to the SELECT trial, the authors noted
that the median baseline Se concentration of the the highest
tertile was equal to that of the lowest tertile of the SELECT
trial. This emphasizes the importance of baseline Se levels in
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determining how Se supplementation may affect type-2 dia-
betes or other health outcomes.

The effects of Se supplementation may be quite different for
type-1 diabetes. In a mouse model of strepozotocin-induced
diabetes, which includes elements reflecting type-1 diabetes
and involves immune-driven pathology, Se appears to be
more protective. For example, a combined micronutrient
treatment including Se with vitamin E, vanadium, and chro-
mium, reduced islet destruction and blood glucose parame-
ters (39). This protective effect involved a shift in the balance
between inflammatory cytokines (TNF-¢) and regulatory cy-
tokines (IL-10). Other studies have also suggested Se sup-
plementation in rodents improved glucose homeostasis in
streptozotocin-induced diabetes (14, 19, 163). In this sense, Se
supplementation may increase the T responses similar to
observed effects in autoimmune models just described.

Se levels can affect the manner in which cells respond to
elevated levels of insulin, involving the inflammasome. TXN-1
plays an important role in activation of the NOD-like receptor
family, pryin domain-containing 3 (NLRP3) inflaimmasome,
which is responsible for activation of the cytokine IL-1f. Dysre-
gulation of IL-1f is associated with several inflammatory dis-
eases and glucose-triggered inflammasome activation and IL-1f
secretion are major factors in the pathogenesis of insulin resis-
tance and type-2 diabetes (286). ROS from receptor-linked NOX
or H,O, treatment oxidizes TXIN-1, releasing thioredoxin-inter-
acting protein (TXNIP) that then binds with and activates the
NLRP3 inflammasome to activate IL-1/ (285). The selenoprotein
TXNRDI, by keeping TXNT1 in the reduced state that binds to
and inactivates TXNIP, may be crucial for regulating in-
flammasome activation and IL-1f secretion. Although the direct
effect of Se intake on glucose metabolism and insulin production
by f-cells of the pancreas and activity of glycolytic and gluco-
neogenic liver enzymes have been demonstrated, understanding
the effects on the immune system and its contributions in the
pathogenesis of diabetes requires further investigation.

IX. Can Se Supplementation Be Targeted
to the Immune System?

As outlined in Table 2, a variety of Se supplementation forms
and dosages have been used in different studies, and more
uniformity in these aspects may allow better comparison of re-
sults in the future. Overall, Se supplementation has traditionally
been carried out using oral ingestion of either sodium selenite,
L-Se-Met, Se-enriched baker’s yeast, or Se-enriched garlic. The
form of Se that is used for supplementing human diets can be
important not only for its effectiveness in enhancing Se status,
but also for inducing potentially adverse side-effects (93). Most of
the studies described so far in this article have involved one of
these oral Se supplementation approaches and have shown that
they all are effective in modulating immunity, but improvements
are needed to make current Se therapy more effective and safe.
As just described, the need for new Se supplementation mo-
dalities is highlighted by results of the SELECT trial and other
emerging data suggesting potential adverse effects. Therefore,
novel delivery systems that more selectively target the immune
system could allow administration of a lower dosage of Se and
decrease the associated risks.

The potential adverse effects of systemic Se supplementa-
tion emphasize the need for a more concerted effort in ex-
ploring alternative Se supplementation formulations to more
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TABLE 2. SUMMARY OF SELENIUM SUPPLEMENTATION FORMS AND DOSAGES
IN STUDIES INVOLVING INFLAMMATION AND IMMUNITY
Model Forms of Se Dosages of Se References
Cell culture HUVECs Sodium selenite added to 0.1 M 279
studies baseline Se in media 0-2uM 276
10 ug/ml 116
Human primary monocytes 1-25 pug/ml 1
Human T cells >5-10 uM 177
Human macrophages 25nM-1.0 uM 121
FELCs 20 uM 46
Human HuH-7 cells 0, 0.05, 0.5, 1.0, 2.0 uM 152
Mouse primary lymphocytes 100nM 208
J774.1 mouse macrophages 100ng/ml 209
RAW 264.7 mouse 2uM 197, 256, 274
macrophages
Animal Mouse Sodium selenite in diets Low, 0.08 mg/kg 102, 253
studies medium, 0.25mg/kg
high, 1.0mg/kg
Deficient, 0.086 mg/kg 129, 177
adequate, 0.15mg/kg
Low, 0.08 ppm 105
medium, 0.25 ppm
high, 2.7 ppm
0,0.1, 0.4, 225mg/kg 124
2mg/kg 208
0, 0.2, 0.3-0.5 ppm 273
Selenomethionine in diets Low, 0.02 ppm 252
adequate, 0.2 ppm
above adequate, 2 ppm
Se-poor diet 0.1mg/kg 241
Drinking water, sodium selenite 100 uM
drinking water, sodium selenite 0.3mg/L 174, 269
Rat L-selenomethionine in diets Deficient, basal diets 275
Adequate, 0.15ppm
Above adequate, 4 ppm
Sodium selenite in diets 2 ug/g body weight 246
Sheep Bolus injection, selenite 2mg Se 258
Continuous infusion, selenite 4 ng Se/kg body weight/hr
Human Oral ingestion of Se Sodium selenite in diets 40 ug/day 183
studies 50-100 ug/day 29
100 ug/day 190
200 ug/day 82, 116
1000 ug/day for 1 week 126
300 ug/day for 2 weeks
100 ug/day for 3 months
Low, 13 ug/day 95
High, 297 ug/day
Diets, Se-enriched onions 50 ug/day 88
Diets, Se-enriched yeast 50-200 ug/day
Diets, high Se garlic 76 ug/day 61, 223
Diets, high Se yeast 100 ug/day
Diets, L-selenomethionine 200 ug/day 144
Bolus intravenous Sodium selenite 1000 pg followed by 8
administration of Se 1000 ug/day
2000 pug followed by 153
1600 g/ day

Se, selenium; HUVECs, human umbilical vein endothelial cells; FELCs, Friend erythroleukemic cells.

selectively target the immune system. One approach may in-
volve targeting the intestinal lymphatic regions, which have
been routinely explored and used for site-specific lymphatic
delivery of orally administered proteins, drugs, and vaccines
(4, 83, 271). Some alternative Se-delivery approaches have been
attempted and shown to ameliorate colitis in an animal model

(168). Given that the gastrointestinal tract is richly supplied
with lymphoid tissues, formulations targeting these tissues
may provide an effective means of delivering Se to the immune
system to more selectively exert its immune-deviating effects.
In fact, our laboratory is currently developing novel Se for-
mulations with this goal in mind. Overall, enhanced delivery of
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Se to lymphatic system is a prerequisite to fully utilizing this
potent antioxidant for immune modulation.

X. Information Gaps and Future Directions

Se is conventionally regarded as a potentially effective
complementary and alternative medicine modality based on
the notion that it positively modulates immune function.
However, not all types of immune responses are equivalently
affected by increasing levels of Se. The reasons for this are
unclear due to an inadequate understanding of the mecha-
nisms by which this nutritional antioxidant affects the immune
system. Thus, identifying specific cell signaling pathways and
immune cell functions regulated by dietary Se levels represents
the next logical, necessary step in utilizing Se supplementation
to enhance or modulate immunity. Redox sensing and signal-
ing, protein-folding, epigenetic poising, and other major points
of regulation on which Se levels and individual selenoproteins
may impinge should be better understood.

Once mechanistic studies have provided insights regarding
the effects of Se supplementation on immune cells and net-
works, this information should be used to choose appropriate
uses of this nutritional supplement for treating particular
disorders or diseases. Published data using mouse models
and limited human studies suggest that Se supplementation
may provide an inexpensive means to divert immune re-
sponses away from the CD4" Th2-type that drive allergic
asthma, and promote the Thl-type that provide protection
against viral infections and cancer. This provides the frame-
work for human intervention studies for using Se supple-
mentation to reduce allergic asthma, to boost specific vaccine
responses, or to reduce progression of infectious diseases such
as tuberculosis or HIV-1 in particular populations. Combining
Se supplementation with other treatment modalities may also
be effective, as just described in the use of IT for reducing
asthma. Importantly, reducing the potential for adverse
effects of long-term Se supplementation should be first
addressed before clinical trials may be undertaken. This will
require assessment of baseline Se status of individuals within
populations to prescribe the appropriate level of Se supple-
mentation. In this sense, Se supplementation could be ad-
ministered in a more personalized manner as is the case with
other therapeutic approaches. In addition, supplement for-
mulations may be developed to provide a more targeted de-
livery of Se to the immune cells instead of the systemic Se
supplementation approaches now in place. This will reduce
the amount of Se used in supplements and decrease the de-
velopment of potential side-effects such as disrupted glucose
metabolism.
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Abbreviations Used

15d-PGJ2 = 15-deoxy-A12,14-prostaglandin ]2
AA = arachidonic acid
AICD = activation-induced cell death
AIDS = acquired immune deficiency syndrome
BMDM =bone marrow-derived macrophages
CF = cystic fibrosis
CFIR = cystic fibrosis transmembrane
conductance regulator
CGD = chronic granulomatous disease
COX-2/Cox-2 = cyclooxygenase-2
CPDT = combined physical decongestion therapy
CRAC = calcium release-activated Ca*"
CRISIS = critical illness stress-induced immune
suppression
CRP = C-reactive protein
CVB3 = coxsackievirus B3
Cys = cysteine
Cyt b558 = heterodimeric flavocytochrome
DAG = diacylglycerol
DIO1/Diol = deiodinase 1
DSS = dextran sodium sulfate
DUOX/Duox = dual oxidase
EFSec = selenocysteine-specific translation
elongation factor
EHEC = enterohemorrhagic Escherichia coli
EPEC = enteropathogenic E. coli
ER = endoplasmic reticulum
ERK = extracellular signal-regulated protein
kinase
FBS = fetal bovine serum
FcyR = Fcy-receptor
FELCs = friend erythroleukemic cells
fMLP = formyl-Methionyl-Leucyl-Phenylalanine
FoxP3 = forkhead box P3
GDI =GDP dissociation inhibitor
GPX/Gpx = glutathione peroxidase
GSH = glutathione
HAART = highly active antiretroviral therapy
HDAC = histone deacetylase
HIV =human immunodeficiency virus
H>0O; =hydrogen peroxide
H-PGDS = hematopoietic PGDS
HT = Hashimoto’s thyroiditis
HUVECs =human umbilical vein endothelial cells
IBD =inflammatory bowel disease
IC =immune complexes
ICAM-1 = intercellular adhesion molecule 1
IFN-y = interferon-y
IKKp =1kB kinase f§
IL-2 = interleukin 2
iNOS = inductible nitric oxide synthase
IP3 = inositol-1,4, 5-trisphosphate
IP3R =1P3 receptor
IT = immunotherapy
ITAM = immunoreceptor tyrosine-based
activation motif
LPS = lipopolysaccharide
MAPK = mitogen-activated protein kinase
MCP-1 = monocyte chemotactic protein-1
MSRB1/Msrb1 = methionine sulfoxide reductase Bl
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Abbreviations Used (cont.)

NAC = N-acetylcysteine
NADPH = nicotinamide adenine dinucleotide
phosphate
NFAT =nuclear factor of activated T cells
NF«xB =nuclear factor-kappa B
NLRP3 = NOD-like receptor family, pryin
domain-containing 3
NO- =nitric oxide
NOX/Nox =NADPH oxidase
-O? =superoxide
OH = hydroxyl radical
ONOO- = peroxynitrite
OVA =ovalbumin
PBMC = peripheral blood mononuclear cell
PG = prostaglandin
PGD2 = prostaglandin D2
PGDS = PGD synthase
PGE, = prostaglandin E2
PHOX = phagocytic oxidase
PIP2 = phosphatidylinositol-4,5-bisphosphate
PLCy = phospholipase Cy
PMA = phorbal myristate acetate
Pstk = phosphoseryl-tRN A SIS
kinase
PTPs = protein tyrosine phosphatases
RA =rheumatoid arthritis
RAC1/2/Racl/2 =Ras-related C3 botulinum toxin substrate
1/2
RANKL = receptor activator for nuclear factor-«B
ligand
ROS = reactive oxygen species

SBP2/Sbp2 = SECIS-binding protein 2
Se = selenium
Sec = selenocysteine
Sec-tRNAS® = selenocysteyl-tRNAS*
SECIS = selenocysteine insertion sequence
SEL = selenoprotein (human)
Sel = selenoprotein (mouse)
SELECT = selenium and vitamin E cancer
prevention trial
Se-Met = selenomethionine
SEP15/Sep15 = human 15kD selenoprotein
Ser = serine
SHP-2 = Sarc homology phosphatase-2
SIRS = systemic inflammatory response
syndrome
SOCE = store-operated Ca”" entry
SOD = superoxide dismutase
SPS2 /Sps2 = selenophosphate-synthetase 2
STIM1/Stim1 = stromal interaction molecule 1
T3 =liothyronine or 3,3’,5-triiodothyronine
T4 = thyroxine or 3,35, 5'-tetraiodothyronine
T-bet =T-box expressed in T cells
TCR =T cell receptor
Th=T helper
TLR/TIr = Toll-like receptor
TNF-o = tumor necrosis factor o
Tieg =regulatory T helper cells
TXN/Txn = thioredoxin
TXNIP = thioredoxin-interacting protein
TXNRD/Txnrd = thioredoxin reductase
VCAM-1 =vascular cell adhesion molecule 1
V /M = vitamins and minerals
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