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Viral and bacterial infections are often associated with deficiencies in macronutrients and micronutrients, including the essential trace
element selenium. In selenium deficiency, benign strains of Coxsackie and influenza viruses can mutate to highly pathogenic strains. Dietary
supplementation to provide adequate or supranutritional selenium supply has been proposed to confer health benefits for patients suffering from
some viral diseases, most notably with respect to HIV and influenza A virus (IAV) infections. In addition, selenium-containing multimicronutrient
supplements improved several clinical and lifestyle variables in patients coinfected with HIV and Mycobacterium tuberculosis. Selenium status
may affect the function of cells of both adaptive and innate immunity. Supranutritional selenium promotes proliferation and favors differentiation
of naive CD4-positive T lymphocytes toward T helper 1 cells, thus supporting the acute cellular immune response, whereas excessive activation
of the immune system and ensuing host tissue damage are counteracted through directing macrophages toward the M2 phenotype. This review
provides an up-to-date overview on selenium in infectious diseases caused by viruses (e.g., HIV, IAV, hepatitis C virus, poliovirus, West Nile virus)
and bacteria (e.g., M. tuberculosis, Helicobacter pylori). Data from epidemiologic studies and intervention trials, with selenium alone or in combination

with other micronutrients, and animal experiments are discussed against the background of dietary selenium requirements to alter immune

functions. Adv Nutr 2015;6:73-82.
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Introduction

The debate on the influence of nutrition on public health
led to a consensus definition of “sustainable diets” as “diets
with low environmental impacts that contribute to food
and nutrition security and to healthy lives for present and
future generations” (1). However, it was stated that the pre-
sent industrial agriculture and food-processing procedures
promote consumption of low-nutrient and energy-rich foods,
with negative impacts on a sufficient and balanced supply of
the macro- and micronutrients required for human health
(1). Tt has been estimated that 2 billion people worldwide are
currently suffering from micronutrient deficiencies (1). The
European Micronutrient Recommendations Aligned Network
of Excellence (EURRECA)® has prioritized 5 micronutrients
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for human nutrition: folic acid, vitamin B-12, iodine, iron,
and zinc (2). In addition, EURRECA identified the following
5 relevant health outcomes for adequate and/or supranutri-
tional intake of the essential trace element and micronutrient
selenium, mainly with respect to human subpopulations or
patient groups: 1) cognition (for elderly individuals aged
>501), 2) viral load and onset of AIDS (for patients infected
with HIV), 3) immune functions, 4) fertility (for men),
and 5) cancer (particularly for persons at risk of prostate
cancer) (2).

Selenium acts mainly through selenoproteins, many of
which are antioxidant selenoenzymes such as glutathione
peroxidases (GPxs) and thioredoxin reductases (TrxRs)
(3). Selenoproteins contain the amino acid selenocysteine
(Sec), which is incorporated cotranslationally during protein

© Abbreviations used: ART, antiretroviral therapy; CVB3/0, Coxsackie B virus; EURRECA,
European Micronutrient Recommendations Aligned Network of Excellence; GPx,
glutathione peroxidase; HCV, hepatitis C virus; HETE, hydroxyeicosatetraenoic products; IAV,
influenza A virus; MCP-1, monocyte chemoattractant protein 1; RANTES, regulated upon
activation, normal T cell expressed and secreted; RNS, reactive nitrogen species; ROS,
reactive oxygen species; Sec, selenocysteine; SelK, selenoprotein K; Sepp1, selenoprotein P;
Th, T helper; tRNA, transfer RNA; TrxR, thioredoxin reductase; WNV, West Nile virus.
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synthesis after conversion of O-phosphoseryl-transfer
RNA (O-phosphoseryl-tRNA)!S¢"5¢ into selenocysteyl-
tRNASI5 (4) Cancer and immune dysfunction have
been associated with modest selenium deficiency and al-
tered expression and single nucleotide polymorphisms of
some selenoproteins (4-8). Cells of the immune system ex-
press most of the 25 genes encoding human selenoproteins,
with the GPx isoenzymes GPx1 and GPx4 showing the
highest expression levels in both T lymphocytes and
macrophages (7).

The impact of selenium on health and disease, dietary se-
lenium requirements for support of cognitive and immune
functions and prevention of cancer, as well as underlying
molecular mechanisms were discussed recently (4-9). In ad-
dition to selenium, several trace elements (e.g., copper, iron,
zinc) and vitamins (e.g., vitamins A, C, and E) may modu-
late the susceptibility of hosts to pathogens and the immune
defense against microbes (10). In this regard, we recently
discussed the use of selenium, zinc, vitamins C and E, and
natural products with antioxidant activity to support the
treatment of infections with the intestinal protozoan para-
site Eimeria (11). The present review focuses on the use of
selenium to strengthen the immune response against viral
and bacterial pathogens and to counteract oxidative cellular
damage associated with infection and inflammation on the
basis of the above-mentioned priority health topics—AIDS
and immunity—as identified by the EURRECA team (2).
The outcomes of intervention trials with selenium compounds

TABLE 1

given alone or, more often, in combination with other micro-
nutrients are listed in Table 1, and are discussed against the
mechanistic background of selenium and selenoproteins acting
on proliferation, differentiation, and function of immune cells.

Current Status of Knowledge

Dietary requirements and current recommendations
for selenium intake

The selenium supply for humans varies greatly around the
world, depending on the selenium content of the soil and,
consequently, the accumulation of selenium in farm crops
and animals, the bioavailability of selenium compounds
from soil and diet, and the intake of additional selenium
through dietary supplements. Selenium is taken up predom-
inantly as selenomethionine, selenium-methylselenocysteine
or +y-glutamyl-selenium-methylselenocysteine from vegeta-
bles and as selenocysteine from meat (8). A novel organic se-
lenium compound, selenoneine, was discovered in sea fish
(e.g., tuna, mackerel) (12). In addition to selenium-containing
amino acids, dietary supplements may contain inorganic sele-
nium compounds such as sodium selenite and selenate (8). Se-
lenium intake is high in North America and in Japan but
considerably lower in most European countries. In Europe,
selenium intake averages 40 wg/d compared with 93 and
134 pg/d for men and women, respectively, in the United
States (8). Dietary supplements can provide an additional
10-200 pg Se/d; supplement consumption is common in
Europe and more so in the United States, where one-third

Intervention trials with selenium given alone or in combination with other micronutrients as discussed in the text'

Pathogen, tested dose, and sele-

Health effects (supplementation group vs.

nium compound Additional micronutrients placebo group) Reference
IAV vaccination
100 pg Se/d as selenium sulfide Zinc Higher antibody titers after IAV vaccination; lower (43)
numbers of respiratory tract infections
Poliovirus vaccination
50 or 100 pg Se/d as sodium None Better viral clearance after poliovirus vaccination (64)
selenite because of improved T cell immunity
Hepatitis C virus infection
200 pg Se/d as selenomethionine Vitamin C, vitamin E No beneficial effects on viral load or liver damage (63)
HIV infection
200 pg Se/d as Se-yeast None Suppressed progression in viral load and increase (54)
in CD4* T cells if serum selenium increased
>26 ug/L
200 ug Se/d as selenomethionine None No effect on maternal viral load, T cell count, or (55, 56)
mortality but less diarrhea morbidity; improved
child survival
400 pg Se/d (not specified) Multivitamin and multimineral mix No effect on viral load and T cell count but higher (57)
survival rate
200 pg Se/d (not specified) Vitamin B complex, vitamin C, vitamin E Slower disease progression (delayed decline in (58)
CD4" T cells, lower morbidity)
HIV/Mycobacterium tuberculosis
coinfection
100 pg Se/d (not specified) Multivitamin mix Marginal decrease in mortality, lower risk of TB (75)
recurrence after therapy
200 pg Se/d as selenomethionine Multivitamin mix, copper, zinc Augmented increase in weight gain after TB (77)
therapy, marginal decrease in mortality
200 pg Se/d as sodium selenite Multivitamin mix, copper, zinc Augmented increase in weight gain after TB (79)
therapy, enhanced hand-grip strength
200 pg Se/d (not specified) Multivitamin and multimineral mix Enhanced hand-grip strength (80)

200 pg Se/d as sodium selenite Multivitamin mix, copper, zinc

Improved bioavailability of the TB drug rifampicin

VIAV, influenza A virus; Se, selenium; TB, tuberculosis.

74 Steinbrenner et al.



of the population regularly ingests multivitamin/mineral sup-
plements (13). Daily selenium intake may be as low as 7 pg
and reach amounts as high as 4990 g (8). However, such ex-
treme values are associated with signs of overt selenium defi-
ciency and toxicity, respectively, and were reported from
regions in China with very low as well as with very high sele-
nium content in the soil (4, 8). Two diseases associated with
selenium deficiency, Keshan disease and Kashin-Beck disease,
used to occur in rural areas of China with soil poor in sele-
nium. Dietary supplementation with selenite is an effective
measure for prevention, resulting in a steady decline of re-
ported cases since its implementation in the 1970s (14). In
Africa, the lowest selenium intakes were reported for sub-
Saharan countries in East and Central Africa (15).

Currently, the recommended amounts for adequate sele-
nium intake of adults range between 25 and 100 pg/d (2),
with an average of 60 pg/d for men and 53 pg/d for women
(8). The Tolerable Upper Intake Level is set at 300450 g
Se/d (4). Thus, selenium has a relatively narrow safety range.
Sporadic cases of selenium toxicity (selenosis) have been ob-
served in humans and animals consuming plants grown in se-
lenium-rich soil or after accidental ingestion of very high doses
of selenium (4). Notably, selenium intake above the nutritional
requirements might trigger adverse effects on human health
even when it is below the Tolerable Upper Intake Level. Indeed,
there is debate whether selenium is an additional risk factor in
the pathogenesis of type 2 diabetes (16). On the other hand, the
addition of selenium to fertilizers in food crop production has
been proven to be safe in Finland, optimizing the selenium sta-
tus of its formerly selenium-poor population since the start of
the program in 1985 (17). Generally, individuals with low sele-
nium status and/or increased needs because of a disease may
benefit from additional selenium intake (8).

Several surrogate variables are in use to determine the se-
lenium status of an individual and the success of dietary sup-
plementation. Selenium content is measured in plasma/
serum, hair, or toenails. Selenium in plasma is mainly pre-
sent in 2 extracellular selenoproteins, GPx3 and selenoprotein
P (Seppl), which are considered to be suitable biomarkers of
selenium status (4). Maximal activity of the selenoenzyme
GPx3 in plasma is achieved at a daily intake of ~70 pg Se
and is associated with plasma concentrations of 90 pg Se/L
(1.14 wM) (18), values that were used to set the reference
for nutritional recommendations in the United States (4).
Seppl concentrations in plasma respond to a wider range of
selenium intakes and reach a plateau not before ~105 g Se/d
(19). Optimization of plasma Sepp]1 is associated with plasma
concentrations of 124 g Se/L (1.57 pM) (19) and prevention
of some types of cancer (4, 6, 8).

Supplementation of humans with 100 ng Se/d in the form
of selenite resulted in increased gene expression of factors re-
quired for protein biosynthesis in isolated blood lymphocytes,
pointing to a higher proliferation of lymphocytes at supranu-
tritional selenium intakes (20). At adequate selenium intakes,
the differentiation of naive CD4" T cells is thought to be sus-
ceptible to the action of cytokines and antigen-presenting
cells (7). As depicted in Figure 1, selenium deficiency may

favor a T helper (Th) type 2 (Th2) phenotype, whereas supra-
nutritional selenium shifts the Th1/Th2 balance via a higher
reductive tone toward a Th1 phenotype (7, 21). Activated T
cells isolated from mice fed a high-selenium (1 ppm Se)
diet showed higher gene expression of the Thl cytokines
IL-2 and IEN-y and less pronounced stimulation of the Th2
cytokine IL-4 compared with T cells obtained from selenium-
deficient or selenium-adequate mice (21). The effect of sele-
nium has been shown to depend on the mitogen used for
activation of the T cells: selenite promoted T cell receptor— or
concanavalin A—induced T cell proliferation and IL-2 pro-
duction but failed to affect the T cell response to phytohem-
agglutinin in porcine splenocytes (22). On the other hand,
selenium status influences the activation of macrophages in
a somewhat converse manner. Selenite was shown to increase
production of arachidonic acid—derived anti-inflammatory
15-deoxy-A(12,14)-prostaglandin ], by upregulation of pros-
taglandin D2 synthase and to decrease production of the
proinflammatory prostaglandin E, (PGE,) in murine macro-
phages (23). Dietary selenium supplementation of patients
with low selenium status might thus contribute to support
the proinflammatory cellular (Thl-type) immune response
against viral and bacterial pathogens, whereas excessive acti-
vation of the immune system and ensuing tissue damage
are avoided through driving the differentiation of macro-
phages toward a more anti-inflammatory M2 phenotype
(Figure 1). For a detailed elaboration of the action of selenium
and individual selenoproteins in immunity, the reader is re-
ferred to the comprehensive review of Huang et al. (7).

Selenium and infections by RNA viruses

RNA viruses include well-known human pathogenic viruses
such as HIV, hepatitis C virus (HCV), influenza A virus
(IAV), and poliovirus as well as emerging viruses such as
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FIGURE 1 Simplified scheme depicting the influence of dietary

Se status on the immune response against pathogens, as
summarized from references 7 and 21-23. Supranutritional
selenium intake was shown to favor proliferation and
differentiation of activated CD4-positive T cells toward Ty1 cells,
whereas macrophages are directed toward an M2 phenotype.
Red and blue arrows indicate the shift toward a more
proinflammatory and a more anti-inflammatory phenotype,
respectively. Se, selenium; Ty1, T helper 1; T2, T helper 2.
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West Nile virus (WNV) and Ebola virus. Viral infection
causes elevated generation of reactive oxygen species
(ROS), both in the mitochondria of host cells and through
an oxidative burst of phagocytes, whereas the biosynthesis
of major antioxidant enzymes is downregulated in the in-
fected cells (24, 25). Moreover, the production of reactive ni-
trogen species (RNS) is elevated through induction of the
inducible NO synthase enzyme. Thl-related cytokines trig-
ger ROS/RNS production in virus-infected host tissues
(24, 25). Imbalance of ROS/RNS production and removal
results in oxidative/nitrosative stress (26), which may en-
hance the replication of the virus as well as the mutation
rate of the viral RNA genome, leading to enhanced damage
to host tissues (24, 25).

Compared with the genome of DNA viruses, the genome
of RNA viruses is more prone to genetic changes, because
proofreading activity is lacking in RNA-dependent RNA
polymerases required for its replication. RNA viruses exhibit
the highest known mutation rates, with up to one mutation
per genome per generation cycle (27). Landmark studies by
Beck and Levander and colleagues (28—-30) revealed that
overt selenium deficiency increases the pathogenicity and
severity of infections by benign or mildly virulent strains
of Coxsackie and influenza viruses, giving rise to multiple
changes in the viral RNA. Thus, selenium is not only
important to boost Thl-type host immunity against viral
infections (7) but, in addition, it appears to impede the
evolution of more virulent strains of some viral pathogens
(31, 32).

Dietary selenium supplementation of human populations
at risk of modest selenium deficiency—as in many countries
in Europe and Africa and some regions in East Asia—might
serve as an inexpensive and widely available adjuvant therapy
of viral infections. Intriguingly, beneficial effects of selenium
have almost exclusively been reported for infections by RNA
viruses, whereas information on selenium and DNA viruses
remains scarce. A noteworthy exception is provided by an in-
tervention trial in the Chinese Qidong province, a region with
selenium-poor soil: selenium supplementation lowered the
incidence of liver cancer associated with infection by hepatitis
B virus, a DNA virus (33).

Coxsackie virus. Keshan disease, an endemic cardiomyopa-
thy named after an outbreak in the Keshan County, China,
in 1935, used to occur in areas of China with very low sele-
nium content in the soil. Affected patients were severely se-
lenium-deficient, with blood selenium concentrations of
<20 pg/L (0.25 wM) (14). Coxsackie B virus, a small nonen-
veloped, single-stranded RNA virus, has been suggested as
an infectious cofactor of Keshan disease after its isolation
from blood and tissues of patients (34). Infection with a
noncardiovirulent strain of Coxsackie B virus (CVB3/0)
caused heart damage similar to human pathology only in
selenium-deficient mice, whereas mice fed a selenium-
adequate diet (0.2 ppm Se as selenite) were protected. The
selenium-deficient mice exhibited higher virus titers in the
heart and decreased antigen-specific T cell responses than
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their selenium-adequate littermates (35). In selenium-
deficient mice, the formerly benign CVB3/0 strain mutated
to a pathogenic geno- and phenotype; 4 out of the 6 specific
nucleotide exchanges in the viral RNA were located in the
coding region of proteins and resulted in amino acid ex-
changes (28).

Biosynthesis of the selenoenzyme GPx1 undergoes a pro-
nounced and rapid decline under selenium-deficient condi-
tions, as reviewed in reference 36. Mice carrying a disrupted
GPx1 gene (GPx1 /") developed myocarditis after infection
with the benign CVB3/0 strain. Most of the nucleotide ex-
changes in viruses isolated from diseased GPxI~’~ mice
were identical to those found in mutated viruses from
selenium-deficient mice (37). This suggests that selenium
protects from ROS-induced mutations of the viral RNA ge-
nome through the action of GPx1.

An insufficient supply of selenium and other micronutri-
ents was also hypothesized to be linked to the emergence of
an epidemic neuropathy in Cuba in the early 1990s. There
was evidence for oxidative stress in the patients, and Cox-
sackie A9 virus or an antigenically related infectious agent
was present in the cerebrospinal fluid of 84% of 125 selected
patients (34, 38).

IAV. The single-stranded RNA genome of this enveloped vi-
rus is more susceptible to mutations than the genome of in-
fluenza B and C virus. The rapid immune response after [AV
infection has to be finely balanced, because too little inflam-
mation may result in immune escape and increased replica-
tion of the virus, whereas excessive inflammation may cause
collateral lung damage and increased mortality (39, 40). Bio-
markers of oxidative damage and inflammation [e.g., plasma
F,-isoprostanes, hydroxyeicosatetraenoic products (HETEs),
7B-hydroxy-cholesterol, 7-keto-cholesterol, y-glutamyltrans-
ferase] have been measured in patients with IAV during acute
infection and 3 mo after recovery (41). Patients with postin-
fectious fatigue had higher concentratios of F,-isoprostanes
and HETEs than did individuals without fatigue, pointing
to persistent oxidative stress even after recovery (41).
Concentrations of selenium and selenoenzymes (e.g.,
GPx, TrxR) in plasma and/or erythrocytes were found to be
decreased in children infected with the highly pathogenic
HINT1 subtype of IAV (42). Elderly participants of a French
randomized controlled trial who had low plasma selenium
concentrations at baseline and received a daily supplement
of 100 g Se and 20 mg Zn for 15-17 mo showed a better hu-
moral response after [AV vaccination than did the individuals
in the placebo group (43). Similar to the outcome of experi-
ments with Coxsackie virus, selenium intake and selenium
status affected the host immune response, the mutation rate
of the viral genome, and the pathology in mice infected
with the human influenza A/Bangkok/1/79 (H3N2) virus
strain that usually causes only mild pneumonitis in mice
(29, 30). Compared with mice fed a selenium-adequate
diet, virus-infected selenium-deficient mice had more severe
and persistent inflammatory infiltration of the lungs and ex-
hibited increased induction of both Th1-related chemokines



[e.g., monocyte chemoattractant protein (MCP-1), regulated
upon activation, normal T cell expressed and secreted
(RANTES)] and Th2-related cytokines (e.g., IL-4, IL-10) in
the lymph nodes draining the lungs (29). Again, viruses iso-
lated from selenium-deficient mice had nucleotide exchanges
in their RNA that made them more virulent (30). When trans-
genic mice with impaired biosynthesis of selenoproteins were
infected with the mild influenza A/Bangkok/1/79 virus strain,
they showed delayed virus clearance but a similar severity of
the lung pathology compared with wild-type mice with nor-
mal selenoprotein expression. The GPx activity in lungs of
the transgenic mice was 82% lower than in selenium-adequate
wild-type mice but slightly (12.5%) higher than in wild-type
selenium-deficient mice, suggesting a threshold level of GPx
activity required for antiviral protection (44).

The impact of selenium on the outcome of the immune
response appears to depend on the virulence of the applied
IAV strain as well. Infection with influenza A/NWS/33
(HINT1) virus resulted in high (75%) mortality in selenium-
deficient mice, whereas selenium supplementation up to 0.5
ppm (as selenite) dose-dependently lowered the mortality
rate, accompanied by increased production of the Thl cyto-
kines IFN-y and TNF-a (45). Another study that used an
IAV strain that is highly pathogenic in mice yielded opposing
results: 50% of the mice in the selenium-adequate group died
7 d postinfection with influenza A/Puerto Rico/8/34 virus,
whereas there were no deaths in the selenium-deficient group.
Virus-induced induction of Th1 cytokines did not differ be-
tween the 2 groups, but the selenium-deficient mice exhibited
less pronounced induction of Thl-related chemokines and
strong induction of the Th2 cytokine IL-4 (46).

Thus, the shift toward Th2 immunity under selenium-
deficient conditions appears to limit or delay the host im-
mune response. This may result either in a beneficial outcome
with better recovery from infection with a highly virulent IAV
strain due to less immunopathology or in an adverse outcome
with immune escape and mutation of less virulent to more
virulent pathogens. On the other hand, optimized expres-
sion/activity of GPx under selenium-adequate conditions
may protect infected cells and tissues from IAV-induced oxi-
dative damage and cell death. Cultured selenium-deficient
differentiated bronchial epithelial cells showed more apopto-
tic cell death upon infection with IAV than did cells grown in
selenium-adequate medium (47).

HIV. Human HIV-1 and HIV-2 retroviruses are enveloped,
single-stranded RNA viruses. Untreated HIV infection causes
progressive failure of the immune system, resulting in AIDS.
Antiretroviral therapy (ART) with a combined drug consisting
of a protease inhibitor and 2 reverse transcriptase inhibitors has
made HIV infection a manageable chronic disease. Despite this
progress, ART is expensive, does not fully restore the immune
system, and has considerable side effects (48). Deficiencies in
micronutrients, including selenium, are widespread in HIV-
infected individuals, most notably under resource-limited con-
ditions, and their remedy can be a reliable, beneficial, and safe
measure to support ART (49). Among HIV-infected Kenyan

women with mean CD4" T cell counts of 451/pL (reference
value for healthy adults: 700-1100/pL), 11% were marginally
selenium-deficient [serum Se <85 wg/L (1.07 wM)]. Marginal
selenium deficiency was associated with increased shedding of
HIV-infected cells in the genital tract (50). Serum selenium
concentrations and GPx activity were substantially lower in
hospitalized patients with AIDS than in asymptomatic HIV-
infected patients and healthy subjects, and serum selenium con-
centrations were positively correlated with the CD4"™ T cell
count (51). Similarly, low plasma selenium concentrations
were associated with accelerated HIV disease progression and
an increased risk of mortality (52). The decrease in blood sele-
nium was proposed to be related to the frequent occurrence of
low serum albumin concentrations and an acute phase response
among individuals with more advanced HIV-1 infection (53).

Intervention trials have been carried out with selenium
alone or in combination with other trace elements and/or
vitamins. Comparisons between the results of these trials
are hampered because of differences in age, baseline nutrit-
ion status, and stage of HIV infection of the participants as
well as differences in the protocols for dietary micronutrient
supplementation. A review published in 2013 listed 12 trials,
conducted in the United States, Europe, and Asia (2). In a
US trial, HIV-positive men and women with relatively high se-
lenium status [serum Se >100 pg/L (1.27 wM) at baseline]
received 200 pg Se/d as selenium-enriched yeast for 9 mo.
Suppression of the progression in viral load and an increase
in blood CD4" T cells were observed only in the subgroup of
selenium-supplemented subjects who responded with an in-
crease in their serum selenium concentrations to >26 pg/L
(54). Selenium supplementation (200 g Se/d as selenome-
thionine) of HIV-infected pregnant Tanzanian women dur-
ing pregnancy and until 6 mo after delivery did not affect
maternal viral load, CD4" T cell count, or mortality but im-
proved child survival (55); a secondary analysis of the data
revealed lowered diarrhea morbidity in the selenium-
supplemented participants (56). HIV-infected adults in
Thailand who already had a very low CD4" T cell count of
<200/p.L blood received a micronutrient mixture of vitamins
and trace elements including 400 pg Se/d for 48 wk. Even
though there was no impact on viral load and CD4" T cell
numbers, micronutrient supplementation enhanced the sur-
vival rate of the patients (57). More recently, HIV-infected
adults from Botswana with a CD4" T cell count >350/pL
were supplemented for 2 y with either 200 g Se/d, a vitamin
mixture (B-vitamins, vitamins C and E) or vitamins plus se-
lenium. Neither the vitamins nor selenium alone affected
any of the clinical variables, whereas the combination of
selenium and vitamins significantly lowered disease progres-
sion as measured by decline in CD4" T cells and morbidity
(58). Even though the data are still inconsistent and insuffi-
cient, there is some evidence that selenium supplementation
may delay the progressive destruction of CD4" T cells and
the onset of AIDS and decrease the risk of comorbidities.
This approach is particularly promising when selenium is
given in combination with other micronutrients. Although
there is currently no evidence for an influence of the host

Selenium in viral and bacterial infections 77



selenium status on the mutation rate of HIV, the selenoen-
zyme TrxR1 has been identified as a negative regulator of
the HIV-encoded Tat protein that is required for virus replica-
tion (59). TrxR1 protein concentrations were decreased, to-
gether with GPx concentrations, in human Jurkat T cells
upon infection with HIV (60).

HCV. Infection with this enveloped, single-stranded RNA
virus is a major cause of chronic liver disease, and there is
a high prevalence of HCV coinfection among patients in-
fected with HIV (61). Plasma selenium concentrations and
GPx activity as well as selenium concentrations in erythro-
cytes were significantly lower in HCV-infected patients
than in healthy controls, and selenium concentrations in
both plasma and erythrocytes of patients were inversely
correlated with HCV virus load (62). Moreover, HCV/
HIV-coinfected patients had lower serum selenium concen-
trations than did HIV-infected patients without concomi-
tant HCV infection (51). In a small intervention trial,
Danish HCV-infected patients were supplemented for
6 mo with vitamins C and E together with 200 g Se/d as
selenomethionine. However, no beneficial effect with respect
to viral load and liver damage was observed in the micronutrient
group (63).

Poliovirus. Poliovirus is a nonenveloped, single-stranded
RNA virus. An intervention trial in healthy British adults
with a modest selenium deficit [plasma Se <94 pg/L (1.2 pM)]
investigated the effect of selenium supplementation on
the immune reaction against a live attenuated poliovirus
vaccine (64). Before vaccination, participants received 50 or
100 g Se/d as selenite or a placebo for 15 wk. Poliovirus-
induced lymphocyte proliferation as well as production of
the Th1 cytokine IFN-y and the Th2 cytokine IL-10 occurred
faster in both selenium-supplemented groups than in the pla-
cebo group. Participants supplemented with 100 pg Se/d
showed a significantly higher number of total T cells and
Th cells after the virus challenge and a better virus clearance.
Moreover, the mutation rate of the poliovirus was lowered in
the selenium-supplemented subjects. Selenium supplementa-
tion augmented and accelerated the cellular antiviral immune
response, but it did not shift the Th1/Th2 balance and it did
not affect the humoral response (64).

WNV. This enveloped, single-stranded RNA virus origi-
nated from Uganda and had rapidly spread through parts
of Africa, Asia, and Europe before its emergence in North
America in 1999 (65). Selenium status and the impact of di-
etary selenium supplementation in WNV-infected humans
have not been investigated yet, but there is in vitro and in
vivo evidence for a beneficial role of selenium. Selenium-
deficient monkey kidney epithelial cells were more prone
to virus-induced apoptotic cell death than cells cultured in
selenium-supplemented (50 nM selenite) medium (66).
The selenium-inducible selenoprotein K (SelK), a seleno-
protein that is relatively highly expressed in immune cells
and located in the endoplasmic reticulum, appears to be
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involved in the protective action of selenium (67). Mice
with targeted deletion of SelK exhibited decreased viral
clearance in the periphery and elevated viral titers in the
brain upon WNV infection. This resulted in markedly low-
ered survival of SelK knockout mice compared with their
wild-type littermates. Elucidating the molecular mecha-
nism, the authors found that SelK is required for effective
Ca*" flux during activation of immune cells (67).

Selenium and bacterial infections

Although adequate/supranutritional selenium was shown to
support the immune response against some RNA viruses
such as HIV and TAV, there is less evidence for beneficial effects
of selenium in humans infected by bacterial pathogens. Cur-
rently, the most promising approach appears to be the addition
of selenium compounds to multivitamin/mineral supplements
that are given to patients infected with Mycobacterium tubercu-
losis in order to overcome the broad nutritional deficiencies
and the weight loss often associated with tuberculosis. In par-
ticular, micronutrient supplementation of M. tuberculosis and
HIV—coinfected patients has received attention.

M. tuberculosis. The slow-growing gram-positive non—
spore-forming bacteria of the M. tuberculosis complex cause
tuberculosis, a major infectious disease that kills ~2 million
humans every year. M. tuberculosis induces a Thl-type im-
mune response characterized by interplay of phagocytes
(e.g., macrophages, dendritic cells) and CD4™ T cells, secretion
of Thl cytokines, and formation of pathogen-encapsulating
granuloma in the lungs (68). Because of their impaired cell-
mediated immune defense, HIV-infected persons are at par-
ticular risk of developing overt tuberculosis and to die of
tuberculosis (68). Nutritional challenges in patients with tu-
berculosis include macro- and micronutrient malnutrition,
nutrient malabsorption, and increased metabolic demands
(69). Deficient or marginal status of vitamins (e.g., vitamins
A, B complex, C, D, and E) and trace elements is frequently
observed in patients with tuberculosis with and without
HIV coinfection. This may increase the risk of M. tuberculosis
infection progressing to overt tuberculosis and affect the out-
come of antituberculosis chemotherapy or delay recovery (69,
70). The combination of tuberculosis, HIV coinfection, and
malnutrition has been commonly denominated as “triple
trouble” (69).

Four studies—2 each from Africa and from Asia—
reported significantly decreased serum selenium concentra-
tions in patients with tuberculosis compared with healthy
controls (71-74). According to one study, both HIV-negative
and HIV-positive patients with tuberculosis were similarly
selenium-deficient (72). Two other studies measured lower
serum selenium concentrations in patients with tuberculosis
coinfected with HIV than in HIV-negative patients with tu-
berculosis (73, 74). The effect of anti-tuberculosis chemother-
apy on serum selenium concentrations in patients with
tuberculosis is controversial: one study observed an increase
in serum selenium concentrations after therapy (73), whereas



serum selenium concentrations did not respond to anti-
tuberculosis therapy in another study (71).

Dietary supplementation of patients with tuberculosis
with selenium alone does not appear to hold much promise.
Instead, a number of intervention trials applied selenium
compounds as part of multivitamin/mineral mixtures (75—
81). Daily doses of selenium in the micronutrient formula
were either 100 g (75, 76) or 200 g (77-81). The selenium
status of the volunteers before and after the intervention was
determined in 2 trials; both found an increase of serum se-
lenium concentrations in the micronutrient-supplemented
group (78, 80). Multimicronutrient supplementation of
adult patients undergoing anti-tuberculosis chemotherapy
improved different clinical and lifestyle variables, but the
currently available data do not offer sufficient clues to judge
whether individuals with or without HIV coinfection might
benefit more. Participants supplemented with multimicro-
nutrients exhibited, after anti-tuberculosis therapy, an aug-
mented increase in weight gain, which was irrespective of
HIV status in one trial (77) but confined to HIV-negative
patients in another trial (79); a third trial did not observe
any influence of micronutrients (75). Marginal decreases
in mortality were reported either exclusively in HIV-positive
or in HIV-negative patients with tuberculosis supplemented
with micronutrients (75, 77). Enhanced hand-grip strength
after micronutrient supplementation was reported in 2 trials
(79, 80). In one trial, the risk of tuberculosis recurrence was
lowered in the micronutrient-supplemented group (75).
Two recent studies intended to elucidate molecular mecha-
nisms underlying the effects of micronutrients in patients
with tuberculosis. Interestingly, multimicronutrient supple-
mentation improved the bioavailability of the first-line anti-
tuberculosis drug rifampicin in HIV-positive patients with
tuberculosis, probably through a better intestinal absorption
of the drug (81). Another intervention trial investigated
whether micronutrients improve the immune response dur-
ing tuberculosis treatment. However, lymphocyte prolifera-
tion after challenge with T cell mitogen or mycobacterial
antigens was not significantly altered in the micronutrient-
supplemented group compared with the placebo group
(76). In conclusion, the selenium status of patients (as
well as their supply with vitamins and other trace elements)
may be improved by taking oral multimicronutrient supple-
ments during tuberculosis treatment, but a consistent bene-
fit on clinical outcome and/or quality of life remains to be
demonstrated (82).

Helicobacter pylori. It has been estimated that this gram-
negative, helix-shaped bacterium colonizes the upper gastro-
intestinal tract of >50% of the human population worldwide.
Nontreated Helicobacter pylori infection is a major pathogenic
factor for the development of gastritis, gastric cancer, and
duodenal ulcer (83, 84). Micronutrient homeostasis is fre-
quently impaired in H. pylori—infected individuals, probably
through malabsorption, lowered gastric acid secretion, and
atrophy of the gastric mucosa (85). A recent meta-analysis
of epidemiologic data from 46 studies on vitamins and 10

studies on trace elements identified a significant association
of H. pylori infection with lowered concentrations of ascor-
bic acid and cobalamin, whereas there was not enough ev-
idence for trace elements including selenium because of the
limited number of studies (85). Plasma selenium concen-
trations were not altered in H. pylori-infected patients
and did not change after successful eradication of H. pylori.
Interestingly, selenium concentrations were significantly
elevated in antral biopsies of patients with H. pylori—associated
gastritis and correlated with the degree of severity of gastric in-
flammation (86). The authors proposed that selenium con-
centrations may have been higher in the gastric mucosa of
H. pylori—infected patients in response to elevated ROS gener-
ation (86). This might indicate elevated biosynthesis of seleno-
proteins in the inflamed gastric mucosa, because oxidative
stress may result in selective upregulation of some selenoen-
zymes (e.g., GPx1, GPx4, TrxR1) involved in antioxidant de-
fense (87). On the other hand, selenium concentrations of
antral biopsies were significantly lower in the presence of pre-
cancerous gastric lesions in patients with H. pylori—associated
chronic atrophic gastritis, which might suggest an eventual
loss of the compensatory response (86). Currently, there is
no consistent evidence whether dietary selenium supplemen-
tation could prevent gastric cancer. An earlier intervention
trial in Linxian County, China, reported a significant decrease
in gastric cancer mortality among participants supplemented
for 5 y with a mixture of selenium, vitamin E, and -carotene
compared with the placebo group (88). However, combined
supplementation with selenium plus vitamins C and E yielded
only a slight, nonsignificant lower gastric cancer incidence and
mortality, as recently published in a 15-y follow-up of the
Shandong intervention trial carried out in Linqu County,
China (89).

Other bacteria. In several animal models, selenium status
was reported to affect the immune response after bacterial
infections. Combined pretreatment with selenium and
the antibiotic ciprofloxacin for 4 wk was more effective
than ciprofloxacin alone to prevent the development of
chronic bacterial prostatitis in rats after infusion of an
Escherichia coli suspension into the prostatic urethra (90).
Compared with mice fed an adequate-selenium diet, selenium-
deficient mice showed a compromised response of the in-
nate immune system after infection with the gram-positive
bacterium Listeria monocytogenes (91). The innate as well
as the humoral immune response was impaired in selenium-
deficient sheep affected by foot root, an endemic disease
of ruminants caused by infection of claws with the gram-
negative bacterium Dichelobacter nodosus. Selenium sup-
plementation did not prevent footrot but restored immune
functions (92). In dairy cows, selenium deficiency has been
associated with increased incidence and severity of intra-
mammary infections by E. coli and Staphylococcus aureus;
combined supplementation with selenium and vitamin E
improved the intracellular bacterial killing in blood
neutrophils (93).
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Conclusions and Outlook
A balanced and sufficient supply of macro- and micronutri-
ents is important to support host immune defense and resis-
tance against pathogens. The habitual diet is often not
sufficient to meet the increased demands for micronutrients
in infectious diseases. Dietary multimicronutrient supple-
ments containing selenium up to 200 wg/d have potential
as safe, inexpensive, and widely available adjuvant therapy
in viral infections (e.g., HIV, IAV) as well as in coinfections
by HIV and M. tuberculosis to support the chemotherapy
and/or to improve fitness and quality of life of the patients
(Table 1). Because many of these patients experience broad
nutritional deficiencies, multimicronutrient supplementa-
tion appears to be a more promising approach than the
use of selenium alone. Dietary supplementation with selenium-
containing multimicronutrients might also be useful to im-
prove supportive care and to strengthen the immune system
of patients suffering from newly emerging viral diseases, such
as in the current epidemic of Ebola fever in West Africa. Pop-
ulations in several countries most afflicted by past and current
outbreaks of Ebola fever (e.g., Liberia, Guinea, Democratic
Republic of Congo) exhibit a high risk of selenium deficiency,
and strikingly, the lowest dietary selenium supply in Africa
was reported from Liberia, with a daily intake of only
23 g Se (15).

Gaps in our knowledge that need further research include
the following:

1. More intervention trials should help to better define which
patients with infectious diseases may benefit from addi-
tional selenium and what is the most suitable selenium
compound and dose in dietary supplements.

2. A Dbetter understanding of interactions between selenium
and other micronutrients will help to improve protocols
for multimicronutrient supplementation.

3. The opposing effects of supranutritional selenium on dif-
ferentiation and maturation of T cells and macrophages
are somewhat puzzling and are expected to be more com-
plex than depicted in the simplified scheme (Figure 1).
The molecular mechanisms underlying the actions of se-
lenium and selenoproteins on immune cells require fur-
ther elucidation.

4. Similar doses of selenium were found to be effective both
in infectious diseases and in cancer prevention. This is in-
triguing and deserves closer attention to the mechanistic
links, because cancer and infectious diseases share simi-
larities such as the involvement of ROS/RNS synthase,
the host T cell response, and the activation of common
signaling pathways that mediate and amplify inflamma-
tion (94). Supranutritional selenium increases the pro-
duction of the proinflammatory cytokine IL-2 in CD4"
T cells activated by T cell receptor stimulation (7, 21,
22), and interestingly, IL-2 was used as the first effective
immunotherapy in human cancer (95).
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