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Abstract

Iodine is an essential element required for the function of all organ systems.
Although the importance of iodine in thyroid hormone synthesis and
reproduction is well known, its direct effects on the immune system are
elusive. Human leukocytes expressed mRNA of iodide transporters (NIS and
PENDRIN) and thyroid-related proteins [thyroglobulin (TG) and thyroid
peroxidase (TPO)]. The mRNA levels of PENDRIN and TPO were increased
whereas TG transcripts were decreased post leukocyte activation. Flow
cytometric analysis revealed that both PENDRIN and NIS were expressed on
the surface of leukocyte subsets with the highest expression occurring on
monocytes and granulocytes. Treatment of leukocytes with sodium iodide
(NaI) resulted in significant changes in immunity-related transcriptome with
an emphasis on increased chemokine expression as probed with targeted
RNASeq. Similarly, treatment of leukocytes with NaI or Lugol’s iodine
induced increased protein production of both pro- and anti-inflammatory
cytokines. These alterations were not attributed to iodide-induced de novo
thyroid hormone synthesis. However, upon incubation with thyroid-derived
TG, primary human leukocytes but not Jurkat T cells released thyroxine and
triiodothyronine indicating that immune cells could potentially influence
thyroid hormone balance. Overall, our studies reveal the novel network
between human immune cells and thyroid-related molecules and highlight the
importance of iodine in regulating the function of human immune cells.

Keywords: iodine, iodine deficiency, RNAseq, nutritional immunology,
thyroid hormones, thyroglobulin, NIS, pendrin

Introduction

Iodine is an essential mineral required for the biosynthesis of thyroid
hormones and subsequent proper function of metabolic pathways of all body
organs (1). Disorders stemming from iodine deficiency or insufficiency are a
worldwide issue affecting approximately two billion people including school-
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aged children (2, 3). The requirement for sufficient iodine levels encompasses
all stages of life (2, 4). First, increased iodine levels are required during
pregnancy, and reduced amounts lead to miscarriages and reproductive
failures (5–8). This is in-part due to the role of iodine-derived thyroid
hormones, thyroxine (T ), and triiodothyronine (T ), for optimal fetal brain
development (9, 10). Second, congenital hypothyroidism, defined by reduced
thyroid hormones leading to stunted mental and physical development during
early childhood, is caused by insufficient iodine intakes (2–4, 11). In adults,
non-optimal iodine intake causes hypothyroidism and goiter formation that
could be reversed with increased iodine intakes or supplementation (2, 4, 12,
13). Therefore, iodine is required at all stages of life, and its decreased uptake
will lead to potentially life threatening conditions and/or severe reduction of
quality of life.

Production of thyroid hormones begins with iodide transportation into thyroid
follicular cells in the thyroid gland via the sodium iodide symporter (NIS) (14,
15). Iodide molecules are then shuttled through another receptor, PENDRIN,
into the thyroid colloid/lumen. Membrane bound thyroid peroxidase (TPO)
enzymes oxidize iodide into iodine, a reaction needed for the eventual
conjugation or organification of iodine into tyrosyl compounds present on the
large dimeric protein thyroglobulin (TG). These biochemical pathways are the
source of iodinated tyrosines that eventually form thyroid hormones T  and
T . T  forms 80–90% of total biologically active hormones made by the
thyroid and are stored in TG (15–17). TG is endocytosed by follicular cells
and undergoes proteolytic degradation thereby releasing mostly T  and
relatively low amounts of T  into peripheral blood. The activity of tissue
bound deiodinase enzymes converts T  into the more biologically active
hormone T  (15, 18). Ultimately, thyroid hormones affect the metabolic
processes of cells, which include gluconeogenesis, glycogenolysis,
thermogenesis, and protein metabolism (15).

Interestingly, thyroid hormones can directly affect multiple branches of the
immune system by enhancing dendritic cell antitumor immunity, B cell
differentiation, phagocytosis, natural killer cytotoxicity, inducing higher
expression of cytokines, and increasing the frequency of T cell memory cells
(19–23). The effects of thyroid hormones on immune cells are due in-part
through activation of protein kinase C signaling (20). Furthermore, immune
cells are able to produce TSH and utilize TSH to increase T  levels (24, 25).
Thus, far no significant sources of de novo T  that could affect tissue or blood
hormone levels have been identified other than the thyroid gland. However,
intriguing findings by Nagao et al. and others demonstrated the likelihood of
extrathyroidal T  synthesis in thyroidectomized rats (26, 27). Others have
shown the presence of low intracellular levels of thyroxine in cardiomyocytes
utilizing radioactive iodide I, and the presence of “thyroxine-like”
compounds in I-pulsed leukocytes (28, 29). The prospect of extrathyroidal
T  production is strengthened by experiments demonstrating the presence of
iodinated tyrosines and thyroid biosynthesis machinery (NIS, TG, and TPO)
in multiple tissues including the endometrium, placenta, mammary glands,
thymus, testis, liver, and kidneys (30–34). These studies reflect the potential
for iodide influx into these tissues. Overall, sources of extrathyroidal thyroxine
remain elusive.

The direct effects of inorganic iodine or iodide on cellular activity of immune
cells, outside of thyroid hormones, remain relatively unexplored. Evidence for
possible direct role for iodine on immune cells was demonstrated by Marani et
al. wherein school children deficient in iodine had reduced immune responses
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despite normal thyroid hormone levels (35–37). Further studies on human
breast cancer cells demonstrated the effects of Lugol’s solution, composed of
molecular iodine (I ) and potassium iodide (KI), on the transcriptional activity
of these cells (38). Other iodine concentrating tissues have been identified
including ovaries, salivary glands, and the thymus (39, 40). Similarly, a 1971
study by Stolc showed that I-pulsed leukocytes could concentrate iodide
intracellularly (28). Xiaoyi et al. studied the cytotoxic effects of molecular
iodine in murine immune cells and found, increased lymphocyte survival,
slightly reduced CD4/CD8 ratios, and increased IFNγ/IL4 ratio upon
activation. Nonetheless, the effects and mechanisms of iodide, as well as
molecular iodine, on the function immune cells remains ill explored. The
immune system not only protects against foreign pathogens, tumors, and
autoimmune responses but it can also modulate and provide a growth milieu
during tissue repair and pregnancy through the production of growth factors
and angiogenesis (41–43). During the stages of pregnancy, the balance
between pro- and anti-inflammatory factors needs to be actively balanced
through production of multiple cytokines and immune agents (41, 44).

Due to the importance of iodine and thyroid hormones in pregnancy and the
modulatory roles of the immune system on this process, we sought to explore
the interplay between thyroid-related molecules and the immune system. In
this study, we have examined the effects of inorganic iodine/iodide on cellular
function and assessed if immune cells could secrete thyroid hormones. To this
end, we have analyzed the expression of iodide transporters in normal donor
peripheral immune cells and determined if iodide induces functional changes
in the activity these cells. Our studies show a pronounced iodide-induced
transcriptional and cytokine response by human peripheral blood leukocytes
that were not attributed to new thyroid hormone synthesis. Interestingly,
substantial amounts of thyroid hormones were released upon incubation of
leukocytes with thyroid-derived TG. Altogether, these observations
demonstrate a novel insight on the effects of iodide on human immune cells
and highlight leukocytes as a potential source for T  in local tissues and
peripheral blood.

Materials and Methods

Purification and Culture of Human Leukocytes and Jurkat E6.1 Cell Line

Human leukocytes were obtained from blood samples drawn in sodium
heparin where donors have consented for blood donation. The consent and
documentation process associated with these donors were approved by the
IRB for Rosalind Franklin University of Medicine and Science. Leukocytes
were extracted with standard Ficoll-Paque method. The cells were cultured at
37°C and 5% CO  in complete RPMI 1640 (RPMI medium supplemented
with 10% FBS, 50 U/mL penicillin, 50 µg/mL streptomycin, and 2 mM L-
glutamine) (Gibco). The E6.1 Jurkat T cell line was acquired directly from
ATCC (TIB-152) and cultured at 37°C and 5% CO  in complete RPMI
medium.

For cell counts or viability assays, 5 × 10  leukocytes were seeded into 1 mL
complete RPMI media with 1 mM NaI (383112, Sigma) or PBS (control) for 3
days. Cells were counted using BIO-RAD TC20 automated cell counter.
Viability was determined with standard Trypan Blue (T8154, Sigma)
exclusion assay analyzed by TC20 cell counter software.

RNA Extraction from Leukocytes
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5 × 10  leukocytes were suspended in 1 mL complete RPMI media, and then
left unstimulated or activated with PMA (25 ng/mL) and ionomycin (1 µM)
for 18 h and then total RNA was extracted from leukocytes utilizing Qiagen’s
mini RNeazy kits. For targeted RNASeq, leukocytes were incubated with or
without 1 mM NaI or PBS (control) for 48 h.

Reverse Transcription PCR/Quantitative PCR (qPCR)

Reverse transcription was performed with 400 ng of total RNA using
transcriptor first strand cDNA system (Roche). 4 µL of cDNA was amplified
for 35 cycles with Amplitaq DNA polymerase kit (Life Technologies). The
following primers were used for PCR amplification with all primers listed in
the 5′ → 3′ direction (NIS F 287 bp: CTCTTCATGCCCGTCTTCTAC, NIS
R: GACAACCCAGAAGCCACTTA), (PENDRIN F 320 bp:
TCCTGTCGGATATGGTCTCTAC, PENDRIN R:
GATCTGCCAAGTACCTCACTATG), (TPO F 274 bp:
GGAAGCAGATGAAGGCTCTG, TPO R:
AGTGCACAAAGTCCCCATTC), and (GAPDH F 440 bp:
ACATCATCCCTGCCTCTACT, GAPDH R:
CTCTCTTCCTCTTGTGCTCTTG).

For quantitative real-time PCR, 2 µL cDNA was amplified with TaqMan Fast
Advanced Master Mix (Applied Biosystems) and read with StepOnePlus real-
time PCR instrument (Applied Biosystems). Validated TaqMan primer mix
was obtained from Invitrogen as follows: NIS: Hs00950365_m1, PENDRIN:
Hs01070627_m1, TG: Hs00174974_m1, and B2M: Hs00187842_m1. Gene
expression was normalized to internal B2M amplification.

Targeted RNASeq via Next-Generation Sequencing (NGS)

Next-generation sequencing Library preparation was performed per Qiagen’s
targeted RNASeq Human Inflammation & Immunity Transcriptome panels
containing probes for 475 genes. Targeted RNASeq is more quantitative and
specific than conventional qPCR due to specific transcript sequencing and the
unique molecular barcoding of each transcript, detected with bioinformatics,
before PCR amplification. In this way, molecular barcoding bypasses PCR
bias that could affect conventional qPCR results resulting from inefficient
primers and/or poor sample preparation. Briefly, cDNA was made from 400
ng of leukocyte RNA, and then unique molecular 12 nucleotide tags were
incorporated into a total of 20 ng cDNA via gene specific primer extension.
After PCR purification using magnetic beads, the barcoded cDNA was
amplified utilizing gene specific primers. The purified DNA was again
amplified through a second PCR reaction to insert index sequences that are
unique to each sample. This step allows the combination of multiple samples
in one tube for subsequent sequencing. The completed library was loaded into
Illumina’s reagent cartridge (150 cycle v3) with a standard flow cell and
custom sequencing primer provided by Qiagen. NGS was performed on
Illumina’s MiSeq instrument per manufacturer’s recommendations.
Sequencing quality controls, including cluster density, total reads, and percent
reads reaching Q30, were all within optimal ranges provided by Illumina. In
addition, secondary quality controls provided by Qiagen’s targeted RNASeq
software that reads and quantifies the sequencing files were all within
acceptable ranges. The FASTQ files obtained from the sequencing runs were
uploaded to Qiagen’s GeneRead DNAseq variant calling service. The data
were then exported into a format that provides the total unique molecular
barcode sequencing reads per gene. All reads/samples were normalized to 10
internal control housekeeping genes after screening negative for genomic

6
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DNA contamination. Statistical analysis was then performed on normalized
data that were quantified as fold change compared with the associated
controls.

Enzyme-Linked Immunosorbent Assay (ELISA)

5 × 10  leukocytes were incubated in complete RPMI media with PBS
(control) or 1 mM NaI for 72 h, and then the supernatant was collected.
Alternatively, the cells were treated with 500 µM of Lugol’s iodine solution
(32922, Sigma). Cytokines were quantified utilizing Invitrogen’s ELISA kits
per manufacturer’s recommended protocol (Invitrogen IFNγ: 88-7316; IL6:
88-7066; IL8-CXCL8: 88-8086; IL10: 88-7106; CCL2: 88-7399). ELISA
plates were read using a spectrophotometric plate reader at a wavelength of
450 nm.

Flow Cytometry

5 × 10  leukocytes were washed in PBS and then incubated in 500 µL PBS
with 10% goat serum (S-1000, Vector Laboratories) for 30 min to block non-
specific binding. The cells were resuspended in 100 µL PBS with 10% goat
serum for 1 h at room temperature with primary or without (control) rabbit
antibodies against SLC5A5/NIS (SAB2102220, Sigma) or
SLC26A4/PENDRIN (MBS9215961, MyBioSource). The cells were washed
and then stained for 30 min with secondary F(ab′)2 goat anti-rabbit
(Invitrogen, A21246) at a 1:100 dilution and CD45 Krome orange (Beckman
Coulter, A96416) at a 1:20 dilution at room temperature. Other experiments
included CD14 FITC staining (BD Pharmingen, 555397) to identify
monocytes. Cells were washed, resuspended in IsoFlow sheath fluid
(Beckman Coulter), and then loaded onto BD FACSCanto II where 25,000
events were collected in the lymphocyte gate. The resulting data and the
median fluorescence intensity (MFI) were analyzed utilizing FlowJo software.

Detection of Thyroid Hormones via Immunoassay

To detect T  or T  hormones, 5 × 10  leukocytes were washed and
resuspended in 800 µL of complete RPMI or supplemented DMEM F-12
media (DMEM F-12 with 50 U/mL penicillin, 50 µg/mL streptomycin, non-
essential amino acids, and MEM vitamin solution) (Gibco). The cells were
incubated with or without native human TG (609312, Sigma) at a
concentration of 20 µg/mL for 3 days. Supernatants from the cell culture were
then loaded onto the Vitros ECiQ Immunodiagnostics instrument (Ortho
molecular diagnostics) and assayed with Vitros reagents (total T : 874468;
total T : 1322528; free T : 1387000; free T : 1315589).

Statistical Analysis

Analysis and graphs/plots of all data were performed in GraphPad prism and
Microsoft Excel software using two-tailed t-test assuming equal variance.
Levels of significance p < 0.05 and p < 0.005 are presented as * and **,
respectively.

Results

Human Leukocytes Express and Regulate Thyroid-Related Compounds

Previous work illustrated the ability of leukocytes to concentrate radio iodide
(28). However, it is unclear how iodide is transported into immune cells or if
leukocytes differentially express one or both of the known iodide transporters.
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To this end, human leukocytes were extracted from different donors, and then
transcript levels of thyroid-related molecules were amplified with reverse
transcription PCR. DNA gel electrophoresis analysis illustrated that leukocytes
expressed expected size transcripts of NIS, and PENDRIN (Figure 1A).
Activation of leukocytes with PMA and ionomycin (PMA-IO) induced a
substantial increase of mRNA levels of PENDRIN but not NIS (Figure 1A).
qPCR with TaqMan probes confirmed no significant change in NIS
expression, but approximately eightfold increase of PENDRIN mRNA upon
activation of leukocytes (Figure 1B). Although we could not find validated
TaqMan probes that could amplify TPO, gel analysis revealed expected size
TPO transcripts that were increased when leukocytes were activated (Figure 1
A). Next, TG transcripts have been previously found in peripheral blood
lymphocytes but it is not clear whether cellular activation regulates the mRNA
expression of this protein (45). Since leukocytes upregulated PENDRIN and
TPO, we sought to investigate the expression of the large dimeric protein TG
during activation of leukocytes. Accordingly, mRNA analysis confirmed the
expression of TG in leukocytes, but that activation significantly reduced its
mRNA expression (Figure 1B).

Open in a separate window
Figure 1

Human immune cells express and regulate iodide transporters, thyroglobulin,
and thyroid peroxidase. (A) Leukocytes were left unstimulated (US) (−) or
activated (+) with PMA and ionomycin for 18 h, total RNA was extracted, and
then the cDNA from samples was amplified with PCR. Shown is DNA gel
electrophoresis image of two representative donors. (B) Leukocytes mRNA was
amplified using real-time quantitative PCR, and then each gene was normalized
to internal B2M control. Fold increase over US controls was graphed ± SEM of
nine independent donors. (C) Leukocytes were stained with no antibody
(control), NIS, or PENDRIN antibodies. The cells were then stained with
secondary Alexa-647 and primary-conjugated CD45 Krome-orange antibodies.
Leukocyte subsets (granulocytes, monocytes, and lymphocytes) were gated on
based on CD45 and side-scatter characteristics. The gated subset histograms are
shown as cell counts and antibody staining intensity representative of six
donors. (D) Median fluorescent intensity (MFI) values from panel (C) were

Iodine alters gene expression in the MCF7 breast cancer cell
line: evidence for an anti-estrogen effect of iodine.[Int J Med Sci. 2008]
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To determine if NIS or PENDRIN are differentially expressed within
peripheral blood leukocyte subsets, we utilized flow cytometric analysis of
leukocytes probed with antibodies against NIS or PENDRIN. Leukocyte
subpopulations were separated based on side scatter and CD45 intensity
(Figure S1A in Supplementary Material), and then levels of iodide
transporters were examined. NIS and PENDRIN were expressed in all
leukocyte populations with the strongest expression detected in granulocyte
and monocyte populations and minimal expression on lymphocytes (Figure 1
C). Quantitative MFI analysis showed minor but non-significant MFI increase
over background on lymphocytes, but strong and significant expression on
granulocytes and monocytes (Figure 1D). Altogether, these results
demonstrate that leukocytes, particularly monocytes and granulocytes, express
and regulate thyroid-related compounds.

Iodide Induces Human Leukocytes to Undergo Transcriptional
Modification in Immunity-Related Genes

No studies thus far have determined if iodine or iodide could directly affect
the transcriptome of immune cells. Since treatment with Lugol’s solution
containing iodine/iodide could alter transcriptional changes in breast cancer
cell lines, and leukocytes expressed iodide transporters (Figure 1), we asked if
iodide could alter immunity-related transcriptional events in human immune
cells (38). We first investigated whether iodide had any toxic effects on
human leukocytes. Preceding studies in breast cancer cell lines found no toxic
effects using 1 mM of Lugol’s iodine solution (38). To confirm these studies
in primary immune cells, we incubated leukocytes with 1 mM of NaI for 3
days. Overall, we found no significant changes in total cell counts or viability
with iodide treatment (Figure 2A).

subtracted from background staining and then graphed ± SEM of six to seven
independent donors.
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To determine if iodide treatment had any effect on the transcriptional activity
of human leukocytes, we utilized NGS in the context of targeted RNASeq.
This method allows quantification of hundreds of immunity-related genes per
sample. To this end, leukocytes were incubated for 2 days with 1 mM NaI or
PBS control, and then RNA was extracted. NGS library preparations were
created, and then control or NaI-treated leukocytes were screened for changes
in 475 inflammation and immunity genes. We found that immune cells treated
with iodide had significant changes in total 29 genes with 24 being
upregulated (Figure 2B; Table S1 in Supplementary Material). Although all
transcriptional changes presented were statistically significant, IL6 and pro-
platelet basic protein had a p value trending close to significance (0.085 and
0.076, respectively) due to variability despite the observed fold increase in all
treatment groups (Table S1 in Supplementary Material). Genes that were
upregulated included modulators that could affect survival or proliferation
such as IL2, IL24, and CSF2. Interestingly, we observed increased expression
of various cytokines that are considered to be pro- and/or anti inflammatory
including IFNγ, IL6, IL1β, and IL13 (Figure 2B). However, chemokines
comprised a significant fraction of the total altered genes and showed overall
the highest fold increase with CCL7, CXCL5, and CXCL6 transcripts
increasing by more than 10-fold in the iodide-treated groups (Figure 2B;
Table S1 in Supplementary Material). Other transcriptional increases observed
were in SRC kinase LYN, and complement C3. Next, iodide treatment
significantly reduced the expression of both insulin growth factor-1 and leptin
indicating the potential for iodide to affect hormonal balance. Altogether, our
data illustrate the molecular immunomodulatory effects of iodide on human
immune cells.

Immune Cells Increase Cytokine Secretion after Iodide Treatment

Basal level elevation of chemokine and cytokine transcripts after iodide
treatment suggested that immune cells may consequently increase protein
release. Accordingly, we examined the quantity of select cytokines comparing
control and iodide-treated leukocytes. Basal levels of pro- and anti-
inflammatory cytokines including IFNγ, IL6, and IL10 were substantially

Open in a separate window
Figure 2

Targeted RNASeq analysis of iodide-treated leukocytes via next-generation
sequencing. (A) Viability analysis of iodide-treated leukocytes—5 × 10
leukocytes were left untreated (control—PBS) or incubated with 1 mM NaI for
up to 3 days. Cell counts and viability utilizing trypan blue exclusion were
determined with TC20 automated cell counter. (B) Targeted RNASeq—
leukocytes were left unstimulated with PBS or incubated with 1 mM NaI for 48
h, total RNA was extracted, and then targeted RNASeq libraries were created
for a total of 475 genes. The libraries were indexed (multiplexed) and then
loaded onto Illumina MiSeq sequencer. The data were de-multiplexed, and
unique molecular tags were identified utilizing Qiagen’s RNASeq bioinformatics
software. Total molecular tag counts were normalized to counts of 10
housekeeping genes and then quantified based on fold expression relative to
each untreated control. Average fold increases were obtained from 5 to 10
independent donors. Genes that were significantly increased or decreased (p <
0.05) were selected and displayed in bar graph ± SEM of at least five
independent donors. See Table S1 in Supplementary Material for quantifications
and p values.
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increased in the presence of iodide in cell culture 3 days after treatment
(Figure 3A). IL6 production was the most affected with more than fivefold
average increase in protein release (Figure 3A). Similarly, chemokines IL8
(CXCL8) and CCL2 were elevated after iodide treatment. However, changes
in CCL2 were variable with 3 out of 11 donors showing no change or slight
reduction in cytokines levels (Figure 3A).

To determine if other forms of iodine could affect basal cytokine release, we
incubated leukocytes with 500 µM of Lugol’s iodine. That is, instead of NaI,
the cells would be incubated with a mixture of KI and I . Similar to our
observations with NaI, leukocytes exposed to Lugol’s iodine had even greater
increase of protein release in IL6, IL10, and CXCL8 (Figure 3B). However,
we were surprised to find that Lugol’s iodine significantly reduced release of
IFNγ (0.47-fold) compared with controls. Next, though not statistically
significant, CCL2 secretion displayed a similar pattern to NaI-treated cells
wherein five out of nine donors had reduced levels (Figure 4B). The subtle
differences between NaI and Lugol’s can be explained by the distinct iodine-
derivatives between the two treatments. These data suggest that iodine could
affect the functional activity of human immune cells.

Open in a separate window
Figure 3

Increased release of cytokines and chemokines by iodide-treated leukocytes. (A)
5 × 10  leukocytes were left unstimulated (US) with PBS or treated with 1 mM
NaI for 72 h. The supernatants were collected, and protein levels of
cytokines/chemokines were analyzed utilizing enzyme-linked immunosorbent
assay. (B) Same as in panel (A), but instead leukocytes were incubated with 500
µM Lugol’s iodine for 72 h, and then the supernatant was analyzed for cytokine
levels. Detected ranges for cytokine secretion are (IFNγ: 5–1,005 pg/mL, IL6:
10–2,500 pg/mL, IL10: 26–482 pg/mL, IL8-CXCL8: 0.3–230 ng/mL, and
CCL2: 15–65 ng/mL). Cytokine concentrations were normalized based on fold
changes over each US pair and was then averaged and graphed as fold increase
± SEM of at least seven donors.
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Iodide-Induced Cytokine and Transcriptional Alteration Is Not due to De
Novo Thyroid Hormone Synthesis or Deiodination

Thyroid hormones are important for the metabolic function of all cells, but
also carry the ability to affect the cytokine and chemokine profiles,
phenotypes, and function of immune cells (20, 22, 23, 46). One possible
reason for the iodide-induced elevation of mRNA and cytokine release in
leukocytes would be an increase of de novo T  synthesis and/or by the known
ability of immune cells to deiodinate T  present in media into T  (18, 47–49).
Therefore, we analyzed supernatants of NaI-pulsed leukocytes for possible
fluctuations of thyroid hormones. Utilizing immunodiagnostics immunoassay
ECiQ instrument, we could not detect any significant differences in free and
total forms of thyroid hormones between controls and NaI-treated leukocytes
(Figure 4A). Next, we have attempted to expose leukocytes to various
experimental settings in an effort to expose potential de novo T  synthesis and
release. To this end, leukocytes were incubated in serum free media (to
remove serum hormones) supplemented with amino acids with added vitamins
and minerals along with 1 mM NaI and/or 500 µM Lugol’s solution. These
experiments could not produce any detectable T  or T  in the supernatant
(data not shown). In addition, stimulating leukocytes with PMA-IO or anti-
TCR antibodies in the presence of NaI or Lugol’s iodine could not produce
detectable levels of T  or T  in the supernatant (data not shown). These
observations indicate that the increased specific transcription and cytokine

Figure 4

Thyroglobulin (TG) is utilized by leukocytes to increase levels of thyroid
hormones. (A) 5 × 10  leukocytes were left unstimulated with PBS or treated
with 1 mM NaI for 72 h, and then levels of total and free thyroid hormones in
media were detected utilizing ECiQ diagnostic immunoassay instrument. Shown
are averaged concentrations ± SEM of six donors. (B) 5 × 10  leukocytes were
incubated with TG derived from human thyroid tissue at a concentration of 20
µg/mL for 3 days in serum free media, and then levels thyroid hormones (T
and T ) in media were detected utilizing ECiQ diagnostic immunoassay
instrument. The data were averaged after background subtraction of TG signal.
Shown are averaged concentrations ± SEM of six donors. (C) Same as in panel
(B), but instead leukocytes were incubated with thyroxine (T ) at 2.4 µg/mL for
2 days in serum free media. Levels of T  were analyzed utilizing diagnostic
immunoassay instrument ECiQ. The data were averaged after background
subtraction of T  signals. Data shown represent averaged quantifications ± SEM
of six donors.
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release by Lugol’s iodine and NaI-treated leukocytes is not driven by new
synthesis of T  or T .

Immune Cells Utilize TG to Increase the Levels of Thyroid Hormones
T  and T

During an iodine deficiency TG is substantially increased in the blood causing
it to potentially interact with cells and tissues (50–52). Thus, far no reports
have demonstrated if TG could also be utilized by immune or other cells
types. Since thyroid hormones affect the immune system, we asked if human
leukocytes could utilize thyroid-derived TG to increase surrounding levels of
T  and T  (20, 22, 23, 53, 54). To this end, we incubated leukocytes with TG
for 3 days in serum free media, to avoid interference with hormones present in
serum, and then levels of T  and T  were detected. Interestingly, leukocytes
incubated with TG released substantial amounts of T  and T  wherein no
hormones were detected in untreated cells (Figure 4B). We were surprised to
observe that this effect was not carried on to the Jurkat T cell line suggesting a
non T cell-mediated mechanism (Figure 4B). These results suggest that a
leukocyte subset, likely phagocytes, could endocytose TG, release T  and then
produce T  by deiodination. Next, the thyroid is estimated to contain
hormones consisting of 80–90% T  and approximately 10–20% T  stored
mostly within TG (15–17). Therefore, we assume that the increased levels of
T  after TG incubation is due to T  deiodination by immune cells. To confirm
that human leukocytes could deiodinate T , the cells were instead given T
and then levels of T  were analyzed. Confirming previously reported
observations, leukocytes could produce significant amounts of T  via
deiodination (Figure 4C) (47–49, 55). Our data reflect the interaction between
human immune cells and TG, and that immune cells could potentially raise
levels of T  and T  in tissues and peripheral blood.

Discussion

In this study, we have identified immunomodulatory effects of iodide on
human immune cells. We have demonstrated that, in the presence of iodide,
human immune cells undergo specific molecular changes in certain cytokines
and chemokines, and that this effect is translated into higher protein release
(Figure 5A). These events are not caused by increased thyroid hormone
synthesis, but instead by an unclear iodide specific mechanism. However, our
investigation into the possibility of thyroid hormone synthesis by leukocytes
revealed the capability of immune cells to process TG and release the thyroid
hormones T  and T  (Figures 4B and 5B).
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Analysis of iodide receptor expression on leukocyte subsets demonstrated that
phagocytes, monocytes, and granulocytes harbor the highest expression of
iodide transporters (Figures 1C,D). Earlier studies reported the interplay
between leukocyte myeloperoxidase and H O , with the halides chloride and
iodide (56–58). The authors illustrate the antibacterial effect of
myeloperoxidase mediated iodination, which was more effective in killing

Open in a separate window
Figure 5

Current model—immune cells regulate their function via iodide and increase
levels of thyroid hormones by processing thyroid-derived thyroglobulin (TG).
(A) Immune cells express surface iodide transporters (NIS and PENDRIN) that
are upregulated during cellular activation. The cells are able to accumulate
iodide that could alter the transcription of multiple immune mediators and
possibly other genes. The changes are functional since the higher mRNA levels
correlate with increased cytokine release at the basal state. The effect is
systemic and is not polarized to either pro- or anti-inflammatory genes. During
an immune response, the presence of sufficient amounts of iodide allows for a
“primed” state of cells that are ready to proliferate upon activation. The effects
of iodide on immune cells could have an impact during early conception
wherein immune cells could release more factors to support blood vessel and
optimal pregnancy. (B) In an iodine deficiency state, TSH is secreted to
command an increase of mostly T  and some T  by the thyroid. The thyroid
responds by elevating NIS and PENDRIN surface expression and the production
of more TG, some of which is released in the blood stream. Increased severity
of iodine deficiency raises TG levels in the blood accordingly. Based on our
findings, we propose that leukocytes could uptake TG from the blood or tissues
and release T , which will eventually raise T  levels by deiodinase activity. This
has a systemic effect since it increases levels of hormones to local tissues and/or
in the blood for increased metabolism. Released thyroid hormones are also
known to affect the immune system by enhancing cytokine expression and
altering phenotypes of immune cells.

4 3

4 3

2 2

Iodine alters gene expression in the MCF7 breast cancer cell
line: evidence for an anti-estrogen effect of iodine.[Int J Med Sci. 2008]

Iodine, thymus, and immunity.
[Nutrition. 2009]

RELIABILITY OF ESTIMATES OF SERUM INORGANIC
IODINE AND DAILY FECAL AND URINARY IODINE[J Clin Endocrinol Metab. 1963]

Review  Global iodine nutrition: Where do we stand in 2013?
[Thyroid. 2013]

Urinary iodine: comparison of a simple method for its
determination in microplates with measurement by inductively-[Sci Rep. 2017]

Increased serum thyroglobulin levels in patients with nontoxic
goiter. [J Clin Endocrinol Metab. 1978]

Thyroglobulin as a Functional Biomarker of Iodine Status in a
Cohort Study of Pregnant Women in the United Kingdom.[Thyroid. 2017]

Review  Thyroglobulin as a biomarker of iodine deficiency: a
review. [Thyroid. 2014]

Review  Research needs for assessing iodine intake, iodine
status, and the effects of maternal iodine supplementation.[Am J Clin Nutr. 2016]

Stimulation of iodoproteins and thyroxine formation in human
leukocytes by phagocytosis.[Biochem Biophys Res Commun. 1971]

See more ...

Iodine deficiency, more than cretinism and goiter.
[Med Hypotheses. 2008]

Health consequences of iodine deficiency.
[Sultan Qaboos Univ Med J. 2007]

Neurological damage to the fetus resulting from severe iodine
deficiency during pregnancy. [Int J Epidemiol. 2012]

Reproductive failure in women living in iodine deficient areas
of West Africa. [BJOG. 2000]

Review  The effects of iodine deficiency in pregnancy and
infancy. [Paediatr Perinat Epidemiol. 2012]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5694785/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5694785/figure/F5/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5694785/figure/F5/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5694785_fimmu-08-01573-g005.jpg
https://www.ncbi.nlm.nih.gov/pubmed/18645607/
https://www.ncbi.nlm.nih.gov/pubmed/18645607/
https://www.ncbi.nlm.nih.gov/pubmed/19647627/
https://www.ncbi.nlm.nih.gov/pubmed/14087601/
https://www.ncbi.nlm.nih.gov/pubmed/14087601/
https://www.ncbi.nlm.nih.gov/pubmed/23472655/
https://www.ncbi.nlm.nih.gov/pubmed/23472655/
https://www.ncbi.nlm.nih.gov/pubmed/28045077/
https://www.ncbi.nlm.nih.gov/pubmed/28045077/
https://www.ncbi.nlm.nih.gov/pubmed/755050/
https://www.ncbi.nlm.nih.gov/pubmed/755050/
https://www.ncbi.nlm.nih.gov/pubmed/27762729/
https://www.ncbi.nlm.nih.gov/pubmed/27762729/
https://www.ncbi.nlm.nih.gov/pubmed/24762031/
https://www.ncbi.nlm.nih.gov/pubmed/24762031/
https://www.ncbi.nlm.nih.gov/pubmed/24762031/
https://www.ncbi.nlm.nih.gov/pubmed/27534640/
https://www.ncbi.nlm.nih.gov/pubmed/27534640/
https://www.ncbi.nlm.nih.gov/pubmed/27534640/
https://www.ncbi.nlm.nih.gov/pubmed/5139919/
https://www.ncbi.nlm.nih.gov/pubmed/5139919/
https://www.ncbi.nlm.nih.gov/pubmed/18703293/
https://www.ncbi.nlm.nih.gov/pubmed/21748117/
https://www.ncbi.nlm.nih.gov/pubmed/22586135/
https://www.ncbi.nlm.nih.gov/pubmed/22586135/
https://www.ncbi.nlm.nih.gov/pubmed/10826578/
https://www.ncbi.nlm.nih.gov/pubmed/10826578/
https://www.ncbi.nlm.nih.gov/pubmed/22742605/
https://www.ncbi.nlm.nih.gov/pubmed/22742605/
https://www.ncbi.nlm.nih.gov/pubmed/22742605/


A Role for Iodide and Thyroglobulin in Modulating the Function of Human Immune Cells

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5694785/[6/12/2018 3:19:37 PM]

bacteria than chloride. The observed increase in PENDRIN post activation of
immune cells, a transporter specific for both chloride and iodide, suggests that
both ions are important for the killing mechanisms of monocytes and
granulocytes (Figures 1A,B) (57). Therefore, it is likely that the mechanism of
iodide intracellular transport would be used by phagocytes to clear infections.
The idea of iodide receptor regulation is not new as the effect of hormones
and cytokines on iodide transporters have been previously illustrated (59–61).
We cannot confirm if the increase in PENDRIN and TPO in our experimental
setting was due to intracellular activation by PMA-IO or secondary to
cytokine release by leukocytes post activation. The increase of PENDRIN and
TPO expression post PMA-IO stimulation implies that leukocytes may require
increased iodide uptake when activated during an immune response. This
hypothesis is strengthened by our results where increased iodide substantially
raises the secretion levels of multiple cytokines. Surprisingly, lymphocytes
exhibited relatively minimal expression of NIS and PENDRIN (Figures 1
C,D). However, this does not imply that lymphocytes are unresponsive to
iodide as it has been clearly demonstrated that exposure to iodide produces
increases in immunoglobulin synthesis by lymphocytes with even lower doses
of iodide used in this study (62).

Assessment of immunity-related genes via targeted RNASeq in iodide-treated
leukocytes revealed significant transcriptional changes in 29 out 475 analyzed
genes. The transcriptional changes observed in leukocytes were not polarized
but instead constituted a mix of cytokines that were pro- and anti-
inflammatory including IFNγ, IL6, and IL13. Differentiation and survival
factors such as IL2, IL24, and CSF2 were also increased via iodide
stimulation. The effects of iodide, however, were striking with regards to
chemokines and their receptors which constituted 11 out of the 29 altered
genes (Figure 2B). The most substantial transcriptional fold changes were
associated with chemokines CCL7 (22.5), CXCL5 (13.9), and CXCL6 (11.3)
(Figure 2B; Table S1 in Supplementary Material). The concept that
iodine/iodide causes transcriptional changes is not new as iodine stimulation
was shown to induce multiple transcriptional changes in human breast cancer
and trophoblastic cell lines (38, 63). It is therefore very likely that non-
immunity transcriptional changes would be occurring in leukocytes in the
presence of iodine/iodide. Similar to breast cancer and trophoblastic cell lines,
these changes may include genes associated with estrogen metabolism,
cyclins, and transcription factors (38, 63). Next, although we have analyzed a
short list of cytokines via ELISA, the cytokine release profile was not skewed
to either pro- or anti-inflammatory, but instead seems to be systemic thereby
mimicking the observed transcriptional changes. It is unclear how iodide
induces these changes, but it is likely a combination of mechanisms such as an
enhancement of metabolic pathways or intracellular conversion of iodide into
iodine (Figure 5A) (64, 65). We also suggest the possibility of iodine
influencing transcription by directly or indirectly activating transcription
factors, or by altering enhancer/promoter sequences in the genome. In this
case, iodine would mirror a similar role to zinc which could activate
transcription factors to increase cytokine expression as well as interact directly
with DNA (66–68).

One limitation of our study is that we have utilized a mixed leukocyte
population and therefore it is not clear which cell population is contributing to
the transcriptional changes. Moreover, some cell types (i.e., granulocytes) are
short lived and may not represent the transcriptional changes presented in this
study. Similarly, monocytes adhere to cell culture plates and could be lost
during the extraction phase from culture plates. To this end, we compared
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leukocyte populations on the day of extraction and 2 days after cell culture via
flow cytometry. There were no significant differences on the percentages of
monocyte or lymphocyte populations 2 days after cell culture (Figures S1B,C
and Table S2 in Supplementary Material). However, the monocyte population
had increased side scatter but maintained exclusive expression of CD14 as in
day 0. Treatment of cells for 2 days with 1 mM NaI did not cause significant
changes to the percentages of leukocyte subsets. Analysis of the granulocyte
fraction, however, illustrated significant reduction in cell percentage 2 days
post cell culture. Therefore, our analyses in this study represent lymphocytes,
monocytes, and a relatively small number of granulocytes. Importantly, in our
experimental setting, the leukocyte populations utilized in targeted RNASeq
had similar viabilities and were overall comparable in percentage to initial
day of extraction (Figure 2A; Figures S1B,C in Supplementary Material).

An objective of this study was to determine if leukocytes could produce de
novo thyroid hormones that could potentially affect systemic and/or local
hormone levels. Previous experiments with radioiodine provided an insight on
synthesis of low intracellular T  by cardiomyocytes (29). The authors argue
that the low level of intracellular T  would only affect the synthesizing
cardiomyocyte and not surrounding cells (29). Likewise, the presence of
“thyroxine-like” compounds in I-pulsed leukocytes suggested the
possibility of thyroid hormone synthesis by extrathyroidal tissues (28). Under
our experimental settings, we could not detect any increase of T  or T  when
the cells were incubated with 1 mM of NaI for 72 h in complete media (Figure
4A). Likewise, addition of Lugol’s iodine or NaI to leukocytes in amino acid
and vitamin supplemented serum free media with or without cellular
activation did not yield any detectable levels of T  or T  in the supernatant
(data not shown). We cannot, however, exclude the possibility of intracellular
de novo T  synthesis by leukocytes or very low levels of T  below the
sensitivity range of our immunoassay instrument. On the other hand, we
observed a marked increase of T  and T  in culture media after leukocytes
were incubated with TG (Figure 4B). These hormones were already present
on TG since it was derived from human thyroid that under normal conditions
should contain 80–90% T . These observations indicate that immune cells
could implement the last two out of the three following steps performed by the
thyroid glands for hormone synthesis: (1) organification of iodine into TG, (2)
endocytosis of TG containing thyroid hormones, and (3) release of T  and
some T  into peripheral blood. Next, during the process of T  release,
leukocytes were able to deiodinate TG-derived T  into T  thereby increasing
levels of the active thyroid hormone T  (Figure 4C). The interaction of
immune cells with TG is physiologically relevant since TG is present in the
blood and is significantly increased during an iodine deficiency (51, 52).
Altogether, these results shed light into the long-sought question of whether
tissues other than the thyroid could influence blood or local levels of T  and
demonstrate that at least immune cells could potentially affect blood thyroid
hormone levels.

We have utilized in this study a concentration of 1 mM NaI (~125 μg/mL of
iodide) that was non-toxic to primary human immune cells. In fact, though not
significant, NaI-treated cells had slightly higher cell number counts (Figure 2
A). Moreover, this dose was non-toxic when used on human breast cancer cell
lines (38). For these reasons, we opted to use this concentration for targeted
RNA sequencing and functional studies in primary human immune cells.
Observed population plasma levels of inorganic iodine (i.e., non hormonal
iodine) are relatively low with total iodine in the range of 50–130 µg/L and an
inorganic iodide range of 5–15 µg/L (69). In comparison with plasma iodide
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levels, thyroidal cells are exposed to 50- to 400-fold more of inorganic iodide
(69). It is highly feasible that tissue resident immune cells, including intestinal
or thymic cells, could be exposed to substantially higher levels of iodine
relative to levels observed in plasma (37). Blood iodine levels reflect recent
ingested iodine intakes and are not typically utilized for determining long-
term iodine sufficiency status due partially to the kinetics of inorganic iodide
metabolism where it is either absorbed and stored by tissues or excreted
rapidly by the kidneys (69, 70). This is observed in persons with sufficient
iodine levels where typically an iodine urinary loading test shows excretion of
90% or more of the ingested iodine within 24 h and much less in iodine
deficient populations (71, 72). In fact, studies focusing on assessment of long-
term levels of iodine status suggest biomarkers such as TG or urinary iodine
as the more sensitive markers for iodine levels (50–52, 73, 74). Ingested
iodine is therefore either rapidly absorbed by the thyroid and tissues
expressing iodine transporters that are widely distributed or is excreted by the
urine in quantities inversely correlated with whole-body sufficiency (28, 69,
72). Above all, optimal whole-body sufficiency levels of iodine are unknown,
and the current RDA recommendations are provided primarily as preventative
for goiter formation (2, 69). Future clinical investigations are needed to
determine the safe daily quantity of iodine necessary for extrathyroidal tissue
sufficiency.

Next, iodine is required for a successful healthy pregnancy, and its loss leads
to miscarriages, reproductive failures, abnormal brain development, and
congenital hypothyroidism (3, 9, 10). Epidemiological studies and surveys by
the World Health Organization demonstrate that iodine deficiencies are
occurring worldwide including in women of reproductive age (2, 5, 7, 75, 76).
Recent findings by the National Health and Nutrition Examination Survey
found that up to 35% of women in reproductive age have an iodine
insufficiency (75, 76). The issue of iodine sufficiency during pregnancy is
compounded as a result for higher iodine intake requirements during
pregnancy and lactation (2, 7). Based on our findings and the role of the
immune system in regulating the process of pregnancy, we suggest further
investigation between immune cell dysfunction in female reproductive organs
and the possibility of iodine deficiency in women with reproductive failures of
unknown etiology.

In conclusion, we have presented evidence for the immunomodulatory effects
of iodide on human peripheral blood immune cells. Iodide alters the
transcriptional immune signature of these cells and induces stronger cytokine
and chemokine responses. Accordingly, iodine/iodide levels that optimally
saturate the cells should therefore enhance the immune system and improve
trafficking, clearance of infections, and support the process of reproduction.
Finally, we identify immune cells as a potential source of extrathyroidal
thyroid hormones capable of performing functions typically known to be
specific to the thyroid glands.
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Figure S1

Leukocyte populations and viabilities post iodide treatment. (A)
Leukocytes were stained with primary-conjugated CD45 Krome-
orange antibodies. Leukocyte subsets (granulocytes, monocytes, and
lymphocytes) were gated on based on CD45 and side-scatter
characteristics. (B) Leukocytes were stained with CD45 Krome orange
and CD14 FITC on the day of isolation or after 2 days of culture on
12-well culture dishes with or without 1 mM NaI. Shown is a
representative donor with color coded scatter plots illustrating
granulocytes, monocytes, and lymphocytes. (C) Leukocytes population
percentages from panel (B) were averaged and graphed. Data shown
represent averaged quantifications ± SD of six donors. See Table S2 in
Supplementary Material for quantifications and p values.

Click here for additional data file.

Click here for additional data file.

Click here for additional data file.
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