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ABSTRACT

Background: Selenium is an essential trace element with both beneficial and detrimental effects on health depending on dose and chemical form.
Currently, there is debate on recommendations for selenium supplementation as a public health measure to improve immune function and reduce in-
fectious disease susceptibility.

Objectives: We performed a systematic review and meta-analysis of experimental studies assessing the effect of selenium supplementation on immunity-
related outcomes in healthy people.

Methods: We undertook a search of published and unpublished studies in literature databases such as PubMed/MEDLINE, Embase, and clinicaltrials.gov
up to 17 October, 2022, and performed a meta-analysis comparing the effects on immunity-related outcomes between Se-supplemented versus control
arms. Whenever possible we assessed the nonlinear relation using a dose-response approach.

Results: 9 trials were included, 5 in North America, and 4 in Europe, with a duration between 8 and 48 weeks and supplementation of both inorganic and
organic selenium forms. Selenium supplementation did not substantially affect immunoglobulin or white blood cell concentrations, and the dose-response
meta-analysis indicated that an increase in plasma selenium concentrations above 100 pg/L did not further increase IgA levels nor T cells. An inverted U-
shaped relation emerged for NK cell count, with a lower number of these cells both below and above 120 pg/L. The only beneficial effect of selenium
supplementation was the increased activity for NK lysis, but the available data did not permit dose-response analysis. Cytokine levels were substantially
unaffected by selenium supplementation.

Conclusions: Although some of the data suggested beneficial effects of selenium supplementation on immune function, the overall picture appears to be
inconsistent and heterogeneous due to differences in trial duration and interventions, plus evidence of null and even detrimental effects. Overall, the
evidence that we extracted from the literature in this systematic review does not support the need to supplement selenium beyond the recommended

dietary intake to obtain beneficial effects on immune function.
This trial was registered at PROSPERO (CRD42022312280).

Keywords: selenium, immune function, infectious disease, experimental studies, systematic review, dose—response meta-analysis

Introduction

Selenium is an essential trace element with a complex and
intriguing relationship with human health, demonstrating both benefi-
cial and detrimental effects, depending on the dose and the chemical
species [1]. Selenocysteine is recognized as the 21st amino acid [2] and
selenium is an essential component of 25 selenoproteins [3], which
participate in a wide variety of physiological processes, including the

regulation of antioxidant response to reactive oxygen species and other
physiological properties [1,2,4]. Levels of such functional biomarkers
were used by various national and international bodies to suggest di-
etary recommendations for selenium intake [5-8], that is, both average
requirements and dietary reference intakes, ranging from 20 to 75 pg/d
depending on the type and amount of selenium-induced proteomic
response chosen [1]. Some of these selenoproteins are enzymes that
could also be involved in immune function, such as glutathione

Abbreviations: GPX, glutathione peroxidase; KD, Keshan disease; PICOS, Population, Intervention, Comparison, Outcome, Study design; SMD, standardized mean difference.
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Figure 1. Flow chart for study identification in online databases and clinicaltrials.gov registry.
peroxidases, thioredoxin reductases, iodothyronine deiodinases,

methionine-R-sulfoxide reductase B1, and selenophosphate synthetase
2 [9]. For this reason and after some laboratory studies [10], selenium
deficiency has been suggested as affecting defense against infectious
diseases.

In particular, the association between selenium deficiency and
adverse health outcomes in humans was originally proposed with the
identification of Keshan disease (KD). This disorder is characterized
by a severe cardiomyopathy, and it was first recorded in 1935 when it
was mainly found in parts of the country where the common feature
was low selenium concentrations in soils and foods locally produced
[11]. However, some epidemiologic hallmarks of KD could not be
explained solely on the basis of selenium deficiency. In particular,
seasonal fluctuations in KD incidence suggested involvement of an
infectious agent [1,11]. Coxsackievirus was, in fact, detected in the
myocardium of KD patients [12], and studies in mice exposed to
Coxsackievirus showed that host nutritional deficiency led to viral
genome mutations, which rendered benign viruses highly virulent
[13]. In addition, other animal and in vitro studies indicated that se-
lenium is able to inhibit the viral replication of Coxsackievirus [14,
15]. These studies illustrate the complexity of selenium interactions in
the body and also indicate that specific host nutritional status can alter
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viral genotype. In relation to this, it should be noted that other trace
elements and vitamins may be implicated in the etiology of KD in
relation to both nutritional status and viral infection [16,17], as well as
genetic factors such as genetic polymorphisms, including of GPX
genes [11].

Overall, interest in the relationship between selenium and the im-
mune system/function has increased over the past years [18,19]. Re-
sults from cell and animal models have demonstrated that humoral
(adaptive) immunity, such as activation and functions of T and B cells,
is affected by the level of selenium exposure; cell-mediated (innate)
immunity, including inflammatory signaling capacity and antipathogen
activities of macrophages, is also influenced by selenium [9]. However,
there are conflicting reports from human trials designed to demonstrate
the benefits of selenium supplementation to boost immunity against
bacterial and viral pathogens. Given the current interest in the role of
nutrition in the immune system [20], we attempted to estimate the
intake of selenium that is associated with optimal immune function. We
undertook a systematic review of selenium and infectious disease
susceptibility, focusing on data extracted from the studies providing the
highest level of evidence, namely, randomized controlled trials of se-
lenium supplementation and measures of immune function, performing
a dose-response meta-analysis whenever possible.


http://clinicaltrials.gov
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Table 1
Characteristics of included studies

Reference Country

Population'

R

Blinding

. 2
Duration™

Intervention

Groups

Plasma Se

levels (pg/
L)

Outcomes

Results

Arvilommi, Finland

1983 (36)

Broome, 2004
27

UK, Liverpool

40 healthy men aged 36-50 vy,

with no history of
cardiovascular, pulmonary,

and psychiatric diseases, with

low-Se status (<70 pg/L)

66 (M/F: 33/33) healthy
nonsmoking subjects aged

20-47 y not taking medications

Yes*

DB

DB

11 wk
Sep 1981 to
Dec 1981

15 wk
(1999-2000)

Se—yeast (200
pg/d) +

Se-rich
“zwieback-
style” toast
(made with Se-
rich wheat flour)

Sodium selenite
(50 or 100 pg/d)

20 C
20T
(10+10)

22C
22 T50
22 T100

Mean +
SD
Baseline™:
C:70 +9
T:70 £ 10
End of
trial:
C:74+£9
T: 169 +
19

Mean
Baseline:
C: 78.96

Specific response:

Ig levels +

plaque forming +
lymphokine synthesis +
proliferation after mitogen
stimulation

Specific response:
phagocytosis +
intracellular killing +
chemiotaxis

Specific response: cell-
mediated immune response
to vaccination with T cells

The difference in the Se status was
not reflected in changes in any test for
specific immune response (antibody
formation, lymphokine synthesis, or
proliferative response against
different mitogens).

About a specific response, no
substantial difference for
phagocytosis but higher (+9.4%)
intracellular killing in high-Se group
were found.

All at the end of the trial, no baseline
reported-

Ig concentrations in the supernatants
of PWM-stimulated lymphocyte
cultures (ng/mL):

1gG 1090 vs. 2180

IgM 5030 vs. 5740

IgA 517 vs. 887-

Plaque forming cells/10° viable cells:
1gG 19100 vs. 16700

IgM 14900 vs. 11500

IgA 11300 vs. 12100-

Lymphokine synthesis (migration
index):

0.50 vs. 0.50-

Proliferative response (count per
min):

Control

810 vs. 1010

PHA

57,600 vs. 57,800

ConA

34,800 vs. 32,100-

Phagocytosis of S. aureus (CFU/104
granulocytes):

2870 vs. 3220-

Number of ingested bacteria viable
after 1 h:

570 vs. 460-

Killing (% of ingested bacteria):
77.2 vs. 85.2-

Leukotriene B4:

9690 vs. 8610

Assessment of specific cell-mediated
immune response to vaccination:
whole blood was stimulated in vitro

(continued on next page)
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Table 1 (continued)

Reference

Country

Intervention Groups

Plasma Se
levels (pg/
L)

Outcomes

Results

96

Hawkes, 2001
(37

United States,
California

Population’ R Blinding  Duration’
with low-Se status (<94.75 pg/

L)

11 healthy men aged 26-45 y Yes DB 99 d

with weight for height lower
than 125% of ideal and without
chronic diseases or medication
use

Low-Se (13 pg/ 6C
d) and high-Se 5T
diet

(297 pg/d) due

to origin of rice

and beef staples

T50: 78.17
T100:
82.12
End of
trial:

C: 835
T50: 91.7
T100:
103.3
(from
figure)

Mean +
SD
Baseline:
Low-Se:
117.65 £
7.9
High-Se:
105.81 +
18.95
End of
trial:
Low-Se:
724 +£9.5
High-Se:
187 £ 23

and poliovirus antibody
production and detection
rate

Specific response: cytokine
levels

Specific response: Ig levels
+

WBC levels (all and
subpopulation) + mitogen
response -+ secondary
response (with influenza A
and B, and diphtheria) +
DHT skin response
Specific response:
Complement components
+ NK cell number and
activity

with poliovirus antigen derived from
the same live attenuated poliovirus
vaccine given in vivo was assessed at
0, 7, 14, and 21 d after vaccination.-
T lymphocyte (CD3+) proliferative
response higher at day 7 for Se
groups, higher for placebo at day 14
but similar at day 21. Subsets of T
cells (total, CD4+, CD8+) and NK
cytotoxicity at the end of the trial (day
21) showed increased cells in Se
groups, especially CD8+. Similarly,
NK cytotoxicity increased with
increasing Se compared with placebo
(data reported as percentages in
figures)-

Cytokine response (IFN-gamma, IL-
2, 1L-4, IL-10). All but IL-4 increased
after vaccination after 21 d: IL-2 in a
dose-response manner, IL-10 similar
between placebo and T100, higher in
T50; IFN-gamma similar in placebo
and T50, higher in T100.-

Poliovirus antibody production all
increased, but no differences
reported.-

Poliovirus detection rate in feces was
lower in Se-treated groups than in
placebo group, indicating more rapid
clearance. Also, mutations in the
poliovirus were detected with much
higher rate in the placebo group
compared with Se-treated groups.
BMI:

Low-Se: 22.8 & 3.3, range: 19-27
High-Se: 23.3 + 4.4 range: 18-29
IgA and IgG substantially unaffected,
1gM declined in both, slightly more in
high-Se diet, C4 declined in both
groups.

Diphtheria titer for secondary
response showed to be higher in high-
Se group at the end of the trial. WBCs
were 5% decreased in high-Se diet
and 10% increased in low-Se diet;
lymphocytes both increased;
granulocytes 9% decreased in high-Se
and 12% increased in low-Se. WBC

(continued on next page)
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Table 1 (continued)

Reference

Country

Population’

R

Blinding

Duration’

Intervention

Groups

Plasma Se
levels (pg/
L)

Outcomes

Results

subpopulation noted a tendency for a
higher increase in high-Se for T
suppressor, cytotoxic T, and activated
T cells.

No effect after mitogen exposure was
noted.

No effect on DHS skin responses to
total diameter and number of
indurations.-

Ig levels (baseline vs. final in low-
and high-Se diets; mg/dL):

IgA 260 vs. 260 low-Se/217 vs. 204
high-Se

IgG 1086 vs. 1144 low-Se/1025 vs.
962 high-Se

IgM 132 vs. 123 low-Se/101 vs. 89
high-Se-

Complement components (mg/dL):
C3 112 vs. 112 low-Se/107 vs. 109
high-Se

C4 23.8 vs. 20.5 low-Se/20.7 vs. 18.7
high-Se-

Influenza A and B, and diphtheria
titer comparison for secondary
response; mg/dL:

Influenza A and B showed similar
levels of secondary response at the
end of the trial (no baseline tested).
Diphtheria: no. at difference at
baseline (1500 vs. 14100 low-Se
/2100 vs. 15,400 high-Se), but higher
levels in high-Se group (14,700 vs.
16,600 Se-low/12,400 vs. 23,600 Se-
high).-

WBC (baseline vs. final in low- and
high-Se diets; thou/mm?):

WBC 4.1 vs. 4.5 low-Se/6.1 vs. 5.8
high-Se

Lymphocytes 1.66 vs. 1.78 low-Se/
2.04 vs. 2.14 high-Se

Granulocytes 2.08 vs. 2.3 low-Se/
3.61 vs. 3.3 high-Se-

WBC subpopulation in 10%/L:

B cells (CD19+) 222 vs. 251 low-Se/
307 vs. 294 high-Se

T cells (CD3+) 1177 vs. 1290 low-
Se/1502 vs. 1582 high-Se

T helper (CD4+) 715 vs. 791 low-Se/

(continued on next page)
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Table 1 (continued)

Reference

Country

Population’ R Blinding  Duration’

Intervention

Groups

Plasma Se
levels (pg/
L)

Outcomes

Results

Hawkes, 2009
(38)

United States,
California

42 healthy nonsmoking men Yes DB 48 wk
aged 18-45 y with self-

reported absence of diseases,

clinically normal blood count

and blood chemistry, and

without obesity

Low-Se vs.
High-Se (300
pg/d

selenized yeast)

20C
22T

Mean +
SD
Baseline:
Low-Se:
146 £ 19
High-Se:
142 £ 19
End of
trial:
Low-Se:
141 £ 18

Specific response: WBC
levels+

DHT

Specific response: NK cell
number

928 vs. 950 high-Se

T suppressor (CD8+) 415 vs. 446
low-Se/498 vs. 593 high-Se

NK cells 218 vs. 196 low-Se/201 vs.
261 high-Se

Cytotoxic T 14 vs. 7.8 low-Se/40 vs.
50 high-Se

Activated T 101 vs. 95 low-Se/262
vs. 322 high-Se

NK activity (% lysis) 44 vs. 42 low-
Se/45 vs. 53 high-Se-

Mitogen exposure in vitro: a
thymidine incorporation into cellular
DNA as Bp/1000 cells:

Control 0.044 vs. 0.037 low-Se/0.046
vs. 0.036 high-Se

PHA 5 10.0 vs. 11.5 low-Se/9.7 vs.
10.8 high-Se

PHA 10 13.0 vs. 13.5 low-Se/12.0 vs.
11.7 high-Se

ConA 10 4.9 vs. 7.0 low-Se/4.2 vs.
5.7 high-Se

ConA 20 5.8 vs. 7.9 low-Se/4.8 vs.
6.8 high-Se

PWM 1 3.8 vs. 6.2 low-Se/3.3 vs. 5.3
high-Se

PWM 2 4.5 vs. 6.8 low-Se/3.8 vs. 5.8
high-Se-

DHT skin response assessed with
total diameter and number of
indurations at 48 h and 72 h to 7
antigens: tuberculin-purified protein
derivative; mumps; tetanus toxoid;
candida; trichophyton; streptokinase
streptase; coccidioidin. No effect of
Se.

BMI:

Low-Se: 24.6 + 3.0, range 18.9-29.6
High-Se: 23.5 + 2.2, range 19.7-27.3
Se did not affect total lymphocytes B
cells, T cells, CD4, CD8, but NK cells
increased in low-Se diet only as well
as both T cells and NK cells
expressing IL2 receptor. DHT skin
response decrease by 57% in low-Se
diet, whereas decreased ~20%—-25%
in high-Se diet-

WBC levels (cells/pL whole blood):

(continued on next page)
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Table 1 (continued)

Reference Country

Population’

R

Blinding

Duration’

Intervention

Groups

Plasma Se
levels (pg/
L)

Outcomes

Results

66

Ivory, 2017 United
(28) Kingdom,
Norfolk

119 (M/F: 54/65) healthy
subjects aged 50-64 y with
normal hematology, blood
chemistry, blood pressure
levels and BMI >18.5 and <35
with low-Se status (Se <110
pg/L)

DB

12 wk

Group SeY:
selenized yeast
(Se methionine
50, 100, or 200
pg/d)

Group SeO: Se-
rich onions with
50 Se pg/d

20C

20 T50
21 T100
23 T200
17 CO
18 TO

High-Se:
228 + 63

Mean +
SD’
Baseline
SeY
C:92.0
(11.9)
T50:92.2+
13.3

T100: 98.6
+ 10.5
T200: 99.1
+93
Week 10
SeY:
C:93.7 +
16.5

T50: 118.3

Specific response:
Proliferating T cells after
flu vaccination +-cytolytic
granules

Specific response: NK cells
+ cytokines levels

Lymphocytes 1862 vs. 1841 low-Se/
1883 vs. 1709 high-Se

B cells (CD19+) 322 vs. 286 low-Se/
289 vs. 293 high-Se

T cells (CD3+)1399 vs. 1386 low-Se/
1399 vs. 1269 high-Se

T helper (CD4+) 858 vs. 784 low-Se/
822 vs. 755 high-Se

T suppressor/cytotoxic (CD8+) 476
vs. 457 low-Se/493 vs. 415 high-Se
NK cells 270 vs. 337 low-Se/352 vs.
304 high-Se

T cells+IL2R 4.70 vs. 6.81 low-Se/
5.40 vs. 5.40 high-Se

NK cells+IL2R 1.48 vs. 1.99 low-Se/
1.61 vs. 1.08 high-Se-

DHT skin response assessed with
total diameter and number of
indurations at 48 hand 72 hto 5
antigens: tuberculin-purified protein
derivative; mumps; tetanus toxoid;
candida; trichophyton). DHT
response decrease by 57% in low-Se,
whereas decreased ~20%—25% in
high-Se.

Response to all 5 specific antigens
decreased from baseline in both low-
and high-Se groups, but not for
tetanus toxoid (unchanged in low-Se)
and trychophyton (increased in high-
Se).

BMI: 26 £ 0.54

Evaluation of immune response after
flu vaccination showed an inverse U-
shaped association with Se
supplementation, with higher T cell
proliferation in group treated with
100 pg Se/d compared with those
treated with both 50 and 200 pg Se/
d at week 12. Similarly, cytolytic
granules were lower in the group
treated with 200 pg Se/d compared
with all other SeY groups, whereas in
the SeO group, Granzyme B levels
were higher in the Se-rich onion
group. Cytotoxic cell levels were not
affected by Se supplementation.-
Proliferating T cells at weeks 10 and

(continued on next page)
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Table 1 (continued)

Reference Country Population’ R Blinding  Duration’ Intervention Groups Plasma Se Outcomes Results
levels (pg/
L)
+ 13.1 12 (before and after flu vaccination at
T100: week 11):
152.0 £ Proliferation of T cells was similar
243 between baseline and week 10 in all
T200: groups. T cells increased with a
1774 + dose—response effect in Se-
26.3 supplemented groups with 50 and 100
Baseline Se pg/d, but a lower increase occurred
SeO: in 200 Se pg/d group compared with
C0O:93.3+ 100 Se pg/d after flu vaccination at
11.5 week 12.-
TO:97.6 + Cytolytic granules:
11.5 Lower granzyme B and perforin in
Week 10 200 Se pg/d group compared with
SeO: placebo at either week 10 or 12.
CO:94.2 + Granzyme B levels higher in Se-rich
15.0 onion group compared with non—Se-
TO: 106.0 rich onion.-
+11.9 Cytotoxic cells:
Se supplementation as either SeY or
SeO did not have any effects of
number of any additional cytotoxic
cell subsets investigated (NK cells or
Tetx-ADCC cells).-
Cytokine levels:
Concentrations of IL-8, IL-10, IFN-
gamma; TNF-alfa were assessed
showing a dose—response increase for
IL-8 and IL-10 after flu vaccination in
SeY group, and for IL-8 and IFN-
gamma in SeO group.

Kiremidjian- United States, 32 (M/F: 27/5) healthy subjects ~ Yes® NI 8 wk Sodium selenite 10 C-CL  Mean £ SE  Specific response: Average BMI of 25 in all groups
Schumacher, New York aged 24-36 y divided into 2 (200 pg/d) 11 T-CL  CL group: lymphocytes activity except in selenite treatment arm of
1994 (23) University subtrials: 5 C-NK Baseline Specific response: NK group with BMI = 22.

Dental Center ~ — CL Group: 21 (M/F: 16/5) 6 T-NK C: 1335+  NK cell activity Se levels substantially did not change
subjects assessing cytotoxic 5.4 after Se supplementation, raising
lymphocytes T: 130.3 + issue about compliance. However, in
—NK group: 11 men, assessing 4.6 both CL and KN groups, Se
NK cells End of trial supplementation after 8 wk resulted

C:133.6 = in increased lytic activity in Raji

6.2 tumor cells compared with baseline as
T: 138.5 + well as control group.-

5.11 CL group:

NK group: Nonetheless, cytotoxic lytic activity
Baseline of lymphocytes against Raji tumor
C: 1220 + cells was higher in the Se-treated

4.0 group compared with control (45.6%
T: 120.0 + vs. 27.6%).

(continued on next page)
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Table 1 (continued)

Reference Country Population’ R Blinding  Duration’ Intervention Groups Plasma Se Outcomes Results
levels (pg/
L)
7.0 Despite similar cytotoxicity of
End of trial activated lymphocytes between
C:122.0 + groups, number of lymphocytes
10.0 required to kill a fixed number of
T: 114.0 + tumor Raji cells was lower in the Se-
4.0 treated group (~46.1% compared with
placebo)-
NK group:
Increase in NK lytic activity against
Raji tumor cells in Se-treated group
compared with control (-+108%)
Peretz, 1991 Belgium, 22 (M/F: 7/15) elderly NI DB 6 mo Selenized yeast 11C Mean + Specific response: BMI: 2846 in T, 2446 in C
(25) Brussels institutionalized (>1 y) (100 pg/d) 11T SD lymphocyte proliferation Lymphocytes proliferation appeared
subjects aged >65 y with no Baseline: after mitogen exposure to increase in the Se-treated group
history of severe disabling C: 695 = after stimulation with 1 mitogen but
diseases (e.g., cancer, cirrhosis, 19.7 not with others. Also, the response
or diabetes) T: 66.3 + was much higher when using serum
9.5 pooled from healthy donors than
End of autologous serum for cell culture.-
trial: Lymphocyte proliferation:
C: 75.01 + Proliferation of lymphocytes cultured
19.74 in pool serum of healthy donors, in
T: 130.3 + response to PWM was higher in Se-
34.7 treated group (+138% at 6 mo),
whereas no effects were found in
control group as well as no effects in
both groups can be noted for other
mitogens (PHA and OKT3).
When cultured in serum from subject
itself (autologous serum) lymphocyte
proliferation in response to PWM was
lower compared with pool serum.
Roy, 1994 (24)  New York 22 (M/F: 12/10) healthy people ~ Yes® NI 8 wk Sodium selenite 11C Mean +£SE  Number of IL-2 receptor Average BMI: 23.7
University age 24-36y (200 pg/d) 11T Baseline: sites in peripheral Se supplementation increased the
Dental Center C:128.6 =  mononuclear cells number of cells expressing 1L-2
5.5 receptor sites after PHA stimulation,
T: 130.1 + by 43.8% after 48 h but 19.1% after
7.3 72 h.
End of
trial:
C: 1434 £
7.4
T: 152.7 +
6.8
Wood, 2000 United States, 21 (M/F: 13/9) Yes SB 6 mo Selenized yeast 8C Mean + Specific response: Se supplementation did not affect
(26) Southern healthy nonsmoking people (400 pg/d) 8T SD Total T cells and total WBC levels, whereas increased
Arizona aged 57-84 y with no history Baseline: subgroups T cells and particularly T helper
of chronic diseases (e.g., C: 155 = Specific response: CD4+. Conversely, NK cells showed

(continued on next page)
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Table 1 (continued)

Reference Country Population' R Blinding  Duration’ Intervention Groups Plasma Se Outcomes Results
levels (pg/
L)
cancer, cardiovascular 6.0 Total WBC and NK cells similar levels in Se-treated group but
diseases, or diabetes). T: 129 + and activity NK activity resulted higher.-
Analyzed 16 (8C + 8T due to 4.8 WBC counts:
22% attrition rate) End of trial No changes in WBC differentials due
C: 1538 to supplementation.
T: 141.3 Total B cells did not change in any

group.

Total T cells increased >50% in Se-
treated group, whereas decreased
>20% in the control group.

T helper CD4+ increased in all
groups, with much higher (>150%)
increase in Se-treated group (T).-
NK cells:

NK cell levels were slightly higher in
C but similar in T.

NK activity was lower in C, and
higher in T

BMI: body mass index measured as weight (in kg)/height (in m?); C, placebo/control group; ConA, concanavalin A; DHT, delayed-type hypersensitivity; Ig, immunoglobulins; PHA, phytohemagglutinin; PWM,

pokeweed mitogen; OKT3, monoclonal anti-human T lymphocyte antibody; T, Se-treated group;
! Male/female ratio reported whenever possible;
2 Duration in: days (d), weeks (wk) or months (mo);
3 Data reported in Levander et al., 1983 (57);
4 From personal communication with authors;
> Data reported in previous report Hurst et al., 2010 (58);

® Included gender, race, age, body weight, height, dietary habits, and history of vitamin intake, tobacco, and alcohol in the randomization process.
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Methods

After registering the protocol in PROSPERO (registration no.
CRD42022312280), we carried out a systematic review according to
the PRISMA guidelines [21].

Study identification and selection

We conducted a search of online literature databases (PubMed/
MEDLINE and EMBASE) and clinicaltrials.gov up to 17 October,
2022, for experimental human studies assessing the association be-
tween selenium status and infectious disease susceptibility. We defined
the Population, Intervention, Comparison, Outcome, Study design
(PICOS) statement as “In healthy adults, what is the susceptibility to
infectious diseases in relation to selenium status when assessed in
experimental studies investigating the effects of selenium supplemen-
tation?.” We used as search keywords terms related to “humans,”
“selenium,” or “selenium supplementation,” “infectious disease,”
“immune system” or “immunity,” and “trial” or “clinical trial.” Details
of database searches are reported in Supplemental Table 1. Inclusion
criteria were as follows: being an epidemiologic study in healthy
humans, selenium being the only difference between experimental and
control groups, and the outcome related to infectious disease suscep-
tibility or immune system. We excluded nonexperimental studies, case
reports, reviews, and commentaries.

Risk of bias assessment

We assessed the risk of bias of the included studies using the RoB
2.0 tool of the Cochrane Collaboration [22] using the subsequent 5
domains: /) bias arising from the randomization process; 2) bias due to
deviations from the intended interventions investigating the effect of
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assignment to intervention (i.e., intention-to-treat analysis); 3) missing
outcome data; 4) bias in measurement of the outcome; and 5) bias in
selection of the reported results. For each domain the judgment can be
low risk, some concerns, or high risk. Overall, we judged a study at
“low risk” of bias if it had low risk in all domains, whereas we judged it
as having “some concerns” when at least 1 domain was classified as
such, but none was at high risk. A study was considered at “high risk”
of bias if there was high risk in at least 1 domain.

Data extraction

We extracted the following data from included reports: first author
name, publication year, country, type, and duration of the trial; study
population and characteristics; trial design and characteristics
(randomization, blinding); dose and duration of selenium supplements,
selenium concentrations before and after the intervention, and the
difference between intervention and control group at the end of the
intervention; and outcomes of interests related to infectious disease and
immune function. When data were mentioned but not explicitly re-
ported or only partially available, for example, only in figures and not
in a tabular way, we sought to contact study investigators to retrieve the
raw data. Whenever possible we extracted mean or median values
along with SD, SE, or IQR. When data were available only from fig-
ures, we sought to extract mean levels along with SD or SE from
figures. About data extraction, we systematically tried to contact study
authors to request data when those available in the publication were not
enough to include the study in the dose-response meta-analysis.
However, authors could not be reached for 2 studies because they
were no longer working [23,24]. For 1 study, we did not get any answer
despite the availability of email addresses from recent articles [25] and
for another study, the corresponding author confirmed that original data

Treatment Control Hedges'’s g Weight

Study N Mean SD N Mean SD with 95% ClI (%) Seform  Se/CSe/T
IgA

Avrilommi 1983 [36] 14 887.0 797.0 17 517.0 316.0 0.62[-0.09, 1.32] 821 Se-yeast/toast 74 169
Hawkes 2001 [37] 5 -130 472 6 00 1286 -0.12[-1.20, 0.97] 3.47 Se-diet 72 187
Ivory 2017 (Y50) [28] 14 1.6 9.8 15 23 654 -0.01[-0.72, 0.69] 8.16 Se-yeast 94 118
Ivory 2017 (Y100) [28] 19 96 347 15 23 654 0.14[-0.52, 0.80] 9.34 Se-yeast 94 152
Ivory 2017 (Y200) [28] 21 16 16.0 15 23 654 -0.02[-0.66, 0.63] 9.74 Se-yeast 94 177
Ivory 2017 (O50) [28] 17 54 229 17 39 159 0.08 [-0.58, 0.73] 9.48 Se-onion 94 106
Heterogeneity: ©° = 0.00, I* = 0.00%, H® = 1.00 0.13[-0.16, 0.42]

I9G

Avrilommi 1983 [36] 14 2180.0 2390.0 17 1090.0 703.0 +———— 0.63[-0.08, 1.34] 819 Se-yeast/toast 74 169
Hawkes 2001 [37] 5 -630 2169 6 580 2156 —B—— -0.51[-1.62, 0.59] 3.34 Se-diet 72 187
Heterogeneity: 1° = 0.43, I’ = 65.64%, H® = 2.91 ——l— (.14 [-0.97, 1.25]

IgM

Avrilommi 1983 [36] 14 5740.0 5190.0 17 5030.0 4430.0 0.14[-0.55, 0.83] 8.59 Se-yeast/toast 74 169
Hawkes 2001 [37] 5 -120 466 6 -90 480 -0.06 [-1.14, 1.03] 3.47 Se-diet 72 187
Heterogeneity: 1° = 0.00, I* = 0.00%, H® = 1.00 0.09 [-0.50, 0.67]

Favors control | Favors Se

-2
Random-effects REML model

-1

0 1

Figure 2. Forest plot of Hedge’s g SMDs for Ig levels, all studies. The area of each gray square is proportional to the inverse of the variance of the estimated
SMD, and horizontal lines represent the 95% CI. Black diamonds represent point estimates of overall SMD for each group. The solid vertical line represents null
effect. SMD = 0. N, number of participants; Se/C, selenium levels (pg/L) in control group; Se/T, selenium levels (pg/L) in treatment group; SMD, standardized

mean difference.
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were no longer available [26]. Finally, for 1 study, information was
available about study design (e.g., randomization, blinding), but raw
data were no longer available [27], but we were able to retrieve original
data from a later study for use in the meta-analysis [28]. To perform
quantitative analysis, in 5 out of 9 studies, we sought to use data re-
ported in figures [23-27]. For this meta-analysis, we extracted findings
for a specific endpoint when at least 2 studies for that endpoint were
available. When 3 or more studies for an endpoint were available, we
also extracted data about plasma selenium concentrations at the end of
the intervention period [20,25,27].

Data analysis

We performed a meta-analysis comparing the higher versus the
lowest category, that is, treated versus the control group. We did this
through computation of Hedge's g standardized mean differences
(SMD) along with their 95% CI, due to heterogeneity in units of
measurements of outcomes when at least 2 studies were available for
each specific outcome. In addition, whenever possible, we performed
dose-response meta-analysis of SMD between selenium levels and
parameters of immune function. We used the 1-stage methodology [29,
30], an approach for implementation of dose-response meta-analysis
based on a weighted mixed effects model and using cubic splines,
which enables the pooling of results from all studies when at least 2
levels of exposure are available, as implemented in other fields [31,32].
Having no specific parametric assumption about the shape of the as-
sociation, we used restricted cubic splines with 3 knots at fixed per-
centiles (10th, 50th, and 90th) to investigate such association, taking
into account both difference in plasma selenium concentrations be-
tween the treatment and control groups and final plasma selenium
concentrations at the end of the intervention. For each spline, as a
reference dose, we used the median value of the set of studies alter-
natively considered in each specific analysis. All analyses were carried
out using “meta” and “drmeta” routines of Stata statistical software
(Stata 17.0-SE 2021, StataCorp LLC). For all data analyses we did not
use null hypothesis testing and P value cutpoints, following the
American Statistician Association guidelines [33] and recent literature
in the field [34,35].

Results

Figure 1 shows the flow chart for study retrieval and selection. After
the removal of duplicates, we identified 331 records in online data-
bases, and we further excluded 258 records based on title/abstract
screening. After full-text evaluation, we eventually included 9 studies
in the final analysis [23-28, 36-38], 1 of which was retrieved through
citation chasing [37]. Reasons for exclusion after full-text evaluation
are reported in detail in Supplemental Table 2.

Overall, the characteristics of the 9 included studies are reported in
Table 1. Five studies were carried out in North America/United States
[23,24,26,37,38], 2 in the United Kingdom [27,28], 1 in Belgium [25],
and 1 in Finland [36]. Overall, they included 370 participants (220 in
selenium-treatment groups and 150 in the control groups) with ages
ranging from 18 to 64 years in all but 2 studies; 1 was undertaken in
elderly institutionalized subjects aged >65 years [25] and 1 in subjects
aged 57-84 years [26]. Three studies recruited only male participants
[36-38), whereas other 6 studies recruited both male and female par-
ticipants, although none reporting gender-stratified analysis. The
duration of the trials ranged from 8 to 48 weeks. Selenium supple-
mentation occurred in the inorganic form using sodium selenite in 3
trials [23,24,27]. The intervention doses varied with 50 and 100 pg/d
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used in 1 trial [27] and 200 pg/d in the remaining 2 trials [23,24].
Conversely, organic selenium was administered in the form of sele-
nized yeast in 5 trials [25,26,28,36,38]. Doses varied from 50 up to 400
pg/d, with some trials having 2 or more intervention groups at
increasing doses of selenium. In addition, 2 trials also used Se-rich
foods to increase selenium intake in the intervention groups. Specif-
ically, 1 trial administered wheat toast made with Se-rich flour [36] and
other Se-enriched onions [28]. Finally, Se-low and Se-high diets were
administered to study participants in 1 trial in the control and inter-
vention groups directly providing 3 daily meals made with foods,
namely, rice and beef staples, from different geographic origins with
very low or very high soil selenium [37].

All studies measured plasma concentrations of selenium before and
at the end of the intervention. Baseline plasma concentrations were
generally similar in the control and intervention groups, ranging

A
1.0+

0.5

-0.5+
-1.0
T T T T T T T
-40 -20 0 20 40 60 80
Plasma selenium difference (ug/L)
B
1.0
0.5

IgA

-1.0+

T

T T T T T
60 80 100 120 140 160

Final plasma selenium (ug/L)

Figure 3. Dose-response meta-analysis of changes of IgA levels according
to plasma selenium difference (A and C) and final levels (B and D) of plasma
selenium (pg/L) between selenium-supplemented and control groups at the
end of the trials, all studies, N = 3 [28,36,37]. Solid black line represents the
effect with variation of SMD (y-axis) according to the plasma selenium levels
(x-axis). The curves are designed using restricted cubic spline method using 3
knots at fixed cutpoints (10th, 50th and 90th percentiles) and considering the
median value (50th) of such distribution as reference point. The gray area
represents 95% CI. The short-dashed line represents the null effect, SMD =
0. SMD, standardized mean difference.
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between 70 and 118 pg/L (mean, 110 pg/L) and between 66 and 142
pg/L (mean, 103 pg/L), respectively. Selenium concentrations at the
end of the interventions were systematically raised (mean in the
selenium-supplemented group, 144 pg/L; range, 92-228 pg/L) but not
in the placebo group (mean 108 pg/L; range, 72—153 pg/L). However,
in 2 trials, plasma concentrations of selenium did not increase in the
intervention groups and were substantially similar to those of the
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control groups [23,24]. Finally, in 1 trial [26], selenium supplementa-
tion did increase the baseline selenium concentrations (from 129 to 142
pg/L), whereas the control group showed constantly higher concen-
trations at both baseline and the end of the trial (155 vs. 154 pg/L).
Results of the risk of bias assessment are reported in Supplemental
Table 3. Most of the included trials were judged at “low risk” of bias.
One study was judged as having “some concerns” due to the single-

Treatment Control Hedges’s g Weight
Study N Mean SD N Mean SD with 95% ClI (%) Se form Se/C Se/T
1 Lymphocytes
Hawkes 2001 [37] 5 0.1 05 6 01 03 -0.05[-1.13, 1.04] 1.90 Se-diet 72 187
Hawkes 2009 [38] 22 -1740 5611 20 -21.0 383.2 —- -0.31[-0.91, 0.29] 558 Se-yeast 142 228
Heterogeneity: t° = 0.00, I? = 0.00%, H* = 1.00 <o -0.25[-0.77, 0.27]
2 B-cells
Hawkes 2001 [37] 5 -130 872 6 290 656 — W —— —-0.51[-1.61, 0.60] 1.84 Se-diet 72 187
Hawkes 2009 [38] 22 40 1211 20 -36.0 109.5 ——- 0.34[-0.26, 0.94] 5.56 Se-yeast 142 228
Heterogeneity: 1° = 0.15, I° = 42.32%, H* = 1.73 S 0.05 [-0.74, 0.84]
3 T-cells
Broome 2004 (T50) [27] 22 138 19.7 22 88 122 0.30[-0.29, 0.88] 5.80 Selenite 84 92
Broome 2004 (T100) [27] 22  14.9 56 22 88 122 —— 0.63[ 0.04, 1.23] 5.62 Selenite 84 103
Hawkes 2001 [37] 5 800 38.1 6 113.0 1387 -0.11[-1.19, 0.98] 1.90 Se-diet 72 187
Hawkes 2009 [38] 22 -130.0 408.3 20 -13.0 302.7 —- -0.32[-0.92, 0.28] 557 Se-yeast 142 228
Ivory 2017 (Y50) [28] 8 -03 17 5 -05 1.7 —a— 0.13[-0.91, 1.17] 2.06 Se-yeast 94 118
Ivory 2017 (Y100) [28] 6 0.0 06 5 -05 17 —— 0.40[-0.70, 1.49] 1.86 Se-yeast 94 152
Ivory 2017 (Y200) [28] 6 -0.1 12 5 -05 1.7 — 0.26[-0.83, 1.35] 1.89 Se-yeast 94 177
Ivory 2017 (050) [28] 7 -07 16 9 -02 31 —— -0.17[-1.11, 0.76] 251 Se-onion 94 106
Wood 2000 [26] 8 150 679 8 -250 226 —a— 0.75[-0.21, 1.71] 2.39 Se-yeast 154 142
Heterogeneity: 1 = 0.03, I = 14.71%, H* = 1.17 <& 0.21[-0.09, 0.50]
4T helper CD4+
Broome 2004 (T50) [27] 22  15.9 84 22 136 80 —— 0.28[-0.31, 0.86] 5.81 Selenite 84 92
Broome 2004 (T100) [27] 22  19.6 82 22 136 80 ——- 0.73[ 0.13, 1.33] 5.54 Selenite 84 103
Hawkes 2001 [37] 5 220 1905 6 76.0 1059 — @ — -0.33[-1.42, 0.76] 1.87 Se-diet 72 187
Hawkes 2009 [38] 22 -67.0 319.9 20 -74.0 166.0 —- 0.03[-0.57, 0.62] 5.63 Se-yeast 142 228
Wood 2000 [26] 8 147.0 679 8 320 735 —®—— 1.54[ 047, 2.60] 1.96 Se-yeast 154 142
Heterogeneity: 1° = 0.16, I = 54.24%, H* = 2.19 <> 0.42 [-0.07, 0.90]
5 T cytotoxic CD8+
Broome 2004 (T50) [27] 22 232 361 22 141 16.9 —— 0.32[-0.27, 0.90] 5.80 Selenite 84 92
Broome 2004 (T100) [27] 22 23.0 159 22 141 16.9 il 0.53[-0.06, 1.12] 5.69 Selenite 84 103
Hawkes 2001 [37] 5 950 3195 6 31.0 534 —— 0.27[-0.82, 1.36] 1.88 Se-diet 72 187
Hawkes 2009 [38] 22 -780 1859 20 -19.0 1925 —- -0.31[-0.90, 0.29] 558 Se-yeast 142 228
Ivory 2017 (Y50) [28] 13 641 253.0 12 -48.2 520.9 -0.04[-0.80, 0.72] 3.68 Se-yeast 94 118
Ivory 2017 (Y100) [28] 16 226 2089 12 -48.2 520.9 0.18[-0.54, 0.91] 3.96 Se-yeast 94 152
Ivory 2017 (Y200) [28] 21 158 12089 12 -48.2 5209 0.06 [-0.63, 0.75] 4.33 Se-yeast 94 177
Ivory 2017 (050) [28] 14 237 2152 12 -541 99.0 0.17[-0.58, 0.92] 3.78 Se-onion 94 106
Heterogeneity: 1° = 0.00, I = 0.00%, H* = 1.00 0.15[-0.09, 0.39]
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Figure 4. Forest plot of Hedge’s g SMDs for lymphocyte levels, all studies. The area of each gray square is proportional to the inverse of the variance of the
estimated SMD, and horizontal lines represent the 95% CI. Black diamonds represent point estimates of overall SMD for each group. The solid vertical line
represents null effect, SMD = 0. N, number of participants; Se/C, selenium levels (pg/L) in control group; Se/T, selenium levels (pg/L) in treatment group; SMD,

standardized mean difference.
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blind design, although no deviations from the intended intervention
were detected [26]. Two additional trials [23,24] were classified as
“some concerns” in the randomization process due to the lack of
reporting of detailed characteristics of recruited subjects at baseline,
hampering the evaluation for this item. In addition, these 2 trials were
judged as having a “high risk” of bias due to deviations from the
intended interventions because no information about blinding was re-
ported. Furthermore, participants had substantially comparable plasma
selenium concentrations in the intervention and control arms at the end
of the trial, thus raising questions about the reliability of the study
findings. For these reasons, they were judged as having an overall
“high risk” of bias.

In Figure 2, the meta-analysis of studies assessing Ig levels showed
small-to-null increase for all Ig types due to selenium supplementation
(IgA: SMD = 0.13; 95% CI: —0.16, 0.42; IgG: SMD = 0.14; 95% CTI:
—0.97, 1.25; IgM: SMD = 0.09; 95% CI: —0.50, 0.67). All studies
were at low risk of bias and used organic selenium forms, that is,
selenized yeast, through diet or foods rich in selenium. In Figure 3 we
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reported the dose—response meta-analysis (implemented for IgA levels
only). When looking at the plasma selenium difference between
treatment and control arms, selenium increase above the median value
(40 pg/L) seems to be associated with higher IgA levels. When looking
at final plasma selenium concentrations at the end of the trials, such
increases can be detected up to 110 pg/L, although further increases in
selenium are not associated with any change in IgA levels.

Figure 4 shows the SMD for lymphocyte overall levels and sub-
types (B cells, T cells, and T CD4+ and CD8+ cells). Based on only 2
studies, selenium supplementation seems to be associated with a
decrease in total lymphocyte levels (SMD = —0.25; 95% CI: —0.77,
0.27), whereas it had no effect on B cells. Conversely, a slight increase
in T cells was noted, although it is very imprecise and when only
studies at low risk of bias were considered, the increase was less
(Supplemental Figure 1).

Figure 5 presents the dose—response analysis for T cells and T CD8-+
cells for which a sufficient number of studies were available. When
considering both difference and final selenium concentrations, an
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Figure 5. Dose-response meta-analysis of changes in T cells and T-cytotoxic CD8+ levels according to plasma selenium difference (A and C) and final levels
(B and D) of plasma selenium (pg/L) between selenium-supplemented and control groups at the end of the trials, all studies, N = 5 in (A and B) [26-28,37,38],
N =4 in (C and D) [27,28,37,38]. Solid black line represents the effect with variation of SMD (y-axis) according to the plasma selenium levels (x-axis). The
curves are designed using restricted cubic spline method using 3 knots at fixed cutpoints (10th, 50th, and 90th percentiles) and considering the median value
(50th) of such distribution as reference point. The gray area represents 95% CI. The short-dashed line represents the null effect, SMD = 0.
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Treatment Control Hedges’s g Weight

Study N Mean SD N Mean SD with 95% CI (%) Se form Se/C Se/T
NK cells

Hawkes 2001 [37] 5 60.0 180.3 6 -22.0 126.7 —— 0.49[-0.61, 1.59] 5.21 Se-diet 72 187
Hawkes 2009 [38] 22 -48.0 123.1 20 67.0 141.7 —— -0.85[-1.47,-0.23] 10.94 Se-yeast 142 228
Ivory 2017 (Y50) [27] 14 -411 2288 12 7.2 2185 -0.21[-0.96, 0.54] 8.89 Se-yeast 94 118
Ivory 2017 (Y100) [27] 16 87.2 2521 12 7.2 2185 0.33[-0.41, 1.06] 9.14 Se-yeast 94 152
Ivory 2017 (Y200) [27] 21 29 1861 12 7.2 2185 -0.02[-0.71, 0.67] 9.75 Se-yeast 94 177
Ivory 2017 (O50) [27] 15 -2.9 2506 13 5.1 156.3 -0.04[-0.76, 0.68] 9.30 Se-onion 94 106
Wood 2000 [26] 8 -50 651 8 150 764 -0.27[-1.20, 0.66] 6.70 Se-yeast 154 142
Heterogeneity: 1° = 0.07, I* = 30.48%, H* = 1.44 -0.14 [-0.49, 0.21]

NK lysis

Broome 2004 (T50) [27] 22 241 63 22 208 82 1 0.45[-0.14, 1.04] 11.56 Selenite 84 92
Broome 2004 (T100) [27] 22 255 82 22 208 82 . 0.57[-0.02, 1.16] 11.47 Selenite 84 103
Hawkes 2001 [34] 5 80 248 6 -20 185 —@—— 042[-067, 1.52] 525 Se-diet 72 187
Kiremidjian—Schumacher 1994 [23] 6 320 2264 5 280 404 —— 0.02[-1.06, 1.11] 5.35 Selenite 134 138
Wood 2000 [26] 8 120 467 8 -150 226 ———— 0.70[-0.26, 1.65] 6.44 Se-yeast 154 142
Heterogeneity: 1° = 0.00, I = 0.00%, H* = 1.00 > 0.48[ 0.13, 0.82]
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Figure 6. Forest plot of Hedge’s g SMDs for NK cells and lysis, all studies. The area of each gray square is proportional to the inverse of the variance of the
estimated SMD, and horizontal lines represent the 95% CI. Black diamonds represent point estimates of overall SMD for each group. The solid vertical line
represents null effect, SMD = 0. N, number of participants; Se/C, selenium levels (pg/L) in control group; Se/T, selenium levels (pg/L) in treatment group; SMD,

standardized mean difference.

increase can be noted until approximately 10 and 110 pg/L, respectively,
above which a plateau is reached, and there is a null increase in total and
T CD8+ cells. We observed comparable results when considering
studies at low risk of bias only (Supplemental Figure 2).

Figure 6 presents the SMD for NK cell levels and activity, with
inverse-to-null effects on NK cells (SMD = —0.14, 95% CI: —0.49,
0.21) but increases in NK lysis (SMD = 0.48, 95% CI: 0.13, 0.82).
Results are comparable when considering studies at low risk of bias
(Supplemental Figure 3). In the dose-response analysis for NK cells,
increases in plasma selenium seem to be associated with an increase in
NK cells until 140 pg/L but with further increase an inverse relation-
ship can be noted with a decrease in NK cells (Figure 7). A similar
pattern is suggested when looking at differences in selenium concen-
trations, especially when studies at low risk of bias are considered
(Supplemental Figure 4).

Supplemental Figure 5 presents SMD for expression or IL-2 re-
ceptors reported in 2 studies indicating no effect of selenium supple-
mentation (either in the form of organic or inorganic selenium), with
the same results after exclusion of 1 study at high risk of bias (Sup-
plemental Figure 6). Supplemental Figure 7 shows the effect of sele-
nium supplementation on cytokine levels, namely, IL-10 and IFN-
gamma from 2 studies, both at low risk of bias, suggesting a slight
though imprecise increase (IL-10: SMD = 0.07, 95% CI: —0.18, 0.33;
[FN-gamma: SMD = 0.20, 95% CI: —0.05, 0.45). Supplemental
Figure 8 shows results of lymphocyte proliferation in either absence or
presence of external stimuli (e.g., different mitogens or vaccination) as
assessed through total lymphocyte proliferation in all but 1 study
assessing T-cell proliferation [28]. All studies are at low risk of bias.
Opverall, lymphocyte proliferation seems to be unaffected by selenium
supplementation. For the analysis including IL-2 receptor, cytokine
levels, and lymphocyte proliferation, we could not perform dos-
e—response meta-analysis due to the limited number of studies.
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Discussion

This review, to the best of our knowledge, the first to meta-analyze
human trials on selenium supplementation and immunologic endpoints
using a dose-response approach, provides little evidence of the bene-
ficial effects of selenium supplementation on immune function as
assessed through the evaluation of levels of immunoglobulins, and
white blood cells, particularly lymphocytes and NK cells. In particular,
the dose-response meta-analysis indicates that an increase in plasma
selenium concentration above 100 pg/L does not further increase IgA
levels nor T cells, as seen at lower levels, suggesting the occurrence of a
possible beneficial effect that corresponds to an intake of 70 pg/d,
namely, the Dietary Reference Value (DRV) for selenium [5], using a
conversion factor of 1.5 as previously suggested [39]. The pattern of
association becomes more complex regarding NK cell count, for which
an inverted U-shaped relation emerged, with lower numbers of these
cells both below and above 120 pg/L (80 pg/d). Such a U-shaped
pattern is not unusual for a nutrient, considering that both levels of
too-low and too-high exposure may induce adverse effects. The only
beneficial effect of selenium emerged for NK lysis, but data did not
allow us to test any dose—response relation or the possible presence of a
U-shaped curve. The dose-response curve indicated that increased
selenium intake at the lowest range of the selenium intake tested in the
trials was beneficial, but that achieving intakes above the DRV of ~70
pg/d, as implied by the final blood selenium concentrations of 110
pg/L, does not yield any further beneficial effect. It should also be
noted that a recent observational study comparing the effects of IgG
against SARS-CoV-2 in subjects with different dietary intakes of se-
lenium or habitual selenium supplementation found no effect of the
selenium status on this parameter, which is consistent with the results
of the trials [40].
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Figure 7. Dose-response meta-analysis of changes in NK cell levels ac-
cording to difference (A) and final (B) levels of plasma selenium (pg/mL)
between selenium-supplemented and control groups at the end of the trials,
all studies, N = 4 [26,28,37,38]. Solid black line represents the effect with
variation of SMD (y-axis) according to the plasma selenium levels (x-axis).
The curves are designed using restricted cubic spline method using 3 knots at
fixed cutpoints (10th, 50th, and 90th percentiles) and considering the median
value (50th) of such distribution as reference point. The gray area represents
95% CI. The short-dashed line represents the null effect, SMD = 0. SMD,
standardized mean difference.

Our findings also do not demonstrate that selenium supplementation
influences cytokine levels such as IL-10, IFN-gamma, nor IL-2 re-
ceptor, contrary to earlier expectations and the working hypothesis
driving the trials [18]. Furthermore, results relating to lymphocyte
proliferation due to mitogen exposure indicated that selenium supple-
mentation induced, if anything, adverse effects depending on the se-
lenium dose and the mitogen used, although such a relationship could
not be investigated through a dose-response approach because the
number of relevant studies was low. Previous animal and in vitro
studies suggested that selenium may have immunomodulatory effects,
including lymphocyte proliferation, antibody concentrations, and
cytokine expression and reactivity [2,18], as well as regulation of
selenoprotein expression in T cells [41]. However, evidence in humans
is controversial, and limited evidence has been provided by human
studies [42,43].
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It should be noted that the selenium status in the general population
appreciably varies across countries. For example, the US selenium
exposure tends to be higher than that in other Western countries,
particularly European ones. According to the NHANES surveys, serum
selenium levels in the US population are generally 130-140 pg/L
[44-46], corresponding to a selenium intake of ~86-93 pg/d [1, 39].
Conversely, selenium levels in the European populations are somewhat
lower, ranging from 50 to 120 pg/L [5,47,48]. For these reasons and
according to our findings, the intake of selenium in these populations
can be considered adequate, with no need to increase selenium through
supplementation concerning improving immune function. About the
presence of a U-shaped pattern with immune function, such an
occurrence is not entirely unexpected for selenium, as more generally
for micronutrients and other nutrients, for which adverse effects at both
low and high exposure levels may occur [49]. Specifically for sele-
nium, a narrow safe range of intake has been already suggested for
other health outcomes such as type 2 diabetes. For the latter disease, an
excess risk has been identified in human experimental studies where
200 pg/d of selenium supplementation was used in the intervention
arms [50], and for increases of blood selenium concentrations
approximately above 90 pg/L in nonexperimental studies [32]. Overall,
our findings seem to confirm that selenium exposure can be considered
beneficial for the immune system until a plasma selenium concentra-
tion of ~100 pg/L, whereas higher levels may be associated with null or
adverse effects.

Recently, interest has been raised about the possible relationship
between selenium intake and COVID-19, under the hypothesis that an
impaired selenium status could favor SARS-CoV-2 infection and
spread and COVID-19 severity [51]. However, experimental evidence
from human trials is lacking as no trials have been performed so far
[52], and some evidence from 2 recent Mendelian randomization
studies investigating this issue was unable to confirm this possible
relationship [53,54]. Similarly, a lack of association was noted for
another disease of high public health relevance, HIV infection: despite
some evidence from observational studies of a higher risk of infection
in subjects with low selenium status [43], findings from experimental
studies suggested that increasing selenium intake might delay CD4+
cell decline but not induce viral suppression [55,56].

Our review has limitations that must be acknowledged. First, the
low number of trials investigating some of the outcomes hampered the
implementation of dose-response meta-analysis by restricting the
range of exposure suitable for analysis and decreasing the statistical
precision of the estimates, and for many endpoints (e.g., IgG levels, NK
lysis, lymphocyte proliferation) even precluded such analysis. For
some of the included studies, we extracted numerical data from figures
to perform quantitative analysis whenever possible, thus possibly
inducing some additional amount of imprecision of the individual es-
timates. Second, some of the studies we retrieved and included in the
analysis were affected by methodological flaws and potential severe
sources of bias, including lack of randomization, blinding, and
compliance with the intervention, thus considerably reducing the reli-
ability of the results. Concerning selection bias, most of the studies
excluded participants with chronic diseases, especially cancer, car-
diovascular diseases, or diabetes, and some also included cutoff levels
of BMI to exclude subjects with obesity. However, we cannot entirely
rule out that some subjects with metabolic disorders could still have
been recruited in such studies, somehow limiting the generalization of
our findings to the general healthy population. However, all but 2 trials
included subjects younger than 65 y, and those including older
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participants found consistent results with other studies, thus strength-
ening the reliability of our analysis.

The strength of this review is that it is the first that systematically
addressed the experimental effects of selenium supplementation in
humans concerning immunologic endpoints using whenever possible a
dose-response approach to assess the level of selenium exposure that
could be associated with beneficial or adverse effects on the immune
system.

Overall, the assessment and the meta-analysis of the experimental
human studies investigating the immunologic effects of selenium
administration yielded limited evidence of the beneficial effects of this
intervention, and indicated that such beneficial effects were present
only in subjects with a low selenium status and occurred only up to
intakes of ~70 pg/d, whereas higher intakes were associated with null
or even adverse effects.
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