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Abstract

Radioiodine (1311) has been used to ablate thyroid tissue not removed by surgery or to treat
differentiated thyroid cancer that has metastasized to other parts of the body for the past 80

years. However, the Na*/I~ symporter (NIS), which mediates active iodide uptake into thyroid
follicular cells, is also expressed in several non-thyroidal tissues. This NIS expression permits
131] accumulation and radiation damage in these non-target tissues, which accounts for the
adverse effects of radioiodine therapy. We will review the data regarding the expression, function,
and regulation of NIS in non-thyroidal tissues. We will explain the seemingly paradoxical
adverse effects induced by 1311: the self-limited gastrointestinal adverse effects in contrast to

the permanent salivary dysfunction that is seen after 131| therapy. We propose that prospective
studies are needed to uncover the time-course of pathological processes underlying development
and progression or ultimate resolution of 131|-induced salivary ductal obstruction and nasolacrimal
duct obstruction. Finally, preventive measures and early therapeutic interventions that can

be applied potentially to eliminate or alleviate long-term radioiodine adverse effects will be
discussed.
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Introduction

The thyroid gland is the only tissue in the body that utilizes iodine (Berman et al.
1968); radioiodine (1311) is therefore, a logical and highly specific targeted therapy for
remnant ablation after total thyroidectomy and/or treatment of metastatic lesions derived
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from well-differentiated, follicular cell-derived thyroid cancer (Mazzaferri & Jhiang 1994).
After administration, radioiodine taken into the thyroid is retained via iodine organification
(Berman et al. 1968). The majority of the remaining radioiodine not taken up by thyroid
tissues is eliminated in the urine within two days (Berman et al. 1968). For the first

two days after radioiodine administration, notable radioiodine accumulation is also found
in the salivary glands (Myant 1960) and stomach (Berman et al. 1968), which leads to

the early complications of sialadenitis (Goolden et a/. 1957, Van Nostrand et a/. 1986)

and gastrointestinal symptoms (Van Nostrand et a/. 1986). Gastrointestinal symptoms
typically resolve quickly, yet salivary gland dysfunction may recur and can persist in some
patients (Van Nostrand et al. 1986; Clement et al. 2015). Additional adverse effects of
radioiodine therapy include xerostomia, bone marrow suppression, gonadal damage, dry
eye(s), nasolacrimal duct obstruction, and secondary cancer (Fard-Esfahani ef al. 2014,
Clement et al. 2015). While the incidence and severity of the aforementioned adverse
effects are generally correlated with the cumulative radioactivity administered (Clement et
al. 2015, Hollingsworth et al. 2016), factors contributing to variations in incidence and
severity of radioiodine adverse effects among individual patients are yet to be delineated.
Molecular cloning of the Na+/I- symporter (NIS) that mediates active iodide uptake into
thyroid follicular cells (Dai et al. 1996; Smanik et al. 1996), as well as the subsequent
development of NIS antibodies (Levy et a/. 1997; Jhiang et al. 1998), have made it possible
to investigate NIS expression, function, and regulation in non-thyroidal tissues. A better
understanding of NIS expression and modulation in non-thyroid tissues may uncover the
underlying pathological process of 13I-induced adverse effects and allow us to devise better
strategies to prevent 131I-induced adverse effects.

NIS expression in non-thyroidal tissues

NIS expression in thyroidal and non-thyroidal tissues may be detected by reverse
transcription-quantitative polymerase chain reaction (RT-gPCR) or Northern blot analysis
at the mRNA level, and by immunohistochemical (IHC) staining or Western blot analysis at
the protein level. RT-qPCR is the most sensitive method that can detect minute quantities of
NIS mRNA. However, the physiological or functional significance of such an infinitesimal
detection is unclear. IHC is superior in terms of detecting NIS expression restricted to

a specific cell type and in revealing plasma membrane localization of NIS, where NIS
mediates radioiodine uptake (Jhiang et a/. 1998, Wapnir et al. 2003). However, IHC results
can be compromised by cross-reactivity to non-NIS proteins due to variations in NIS
antibody specificity and stringency of antibody incubation and washing conditions. Both
Northern and Western blot analyses suffer from limited detection sensitivity, but may

reveal alternative spliced transcripts and post-translational modifications, respectively. For
example, with those tissues composed of multiple cell types, NIS expression may not be
detected by Northern or Western blot analyses, particularly if its expression is restricted to a
specific cell type that comprises only a minor component of the overall tissue composition
(Spitzweg et al. 1998). Taken together, RT-gPCR accompanied by IHC staining using a

NIS antibody of high specificity can be informative for investigating NIS expression in non-
thyroidal tissues at different developmental stages and in various pathological conditions.
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According to the website https://www.proteinatlas.org/ENSG00000105641-SLC5A5/tissue,
thyroid, salivary gland, and stomach are tissues with significant NIS detection

at both mRNA and protein levels. The https://www.genecards.org/cgi-bin/carddisp.pl?
gene=SLC5A5&keywords=SLC5A5 website indicates that RNAseq analysis has identified
numerous tissues expressing NIS mRNA including blood cells, lymph nodes, brain, cortex,
cerebellum, spinal cord, tibial nerve, heart, artery, skeletal muscle, small intestine, colon,
adipocyte, kidney, liver, lung, spleen, stomach, esophagus, bladder, pancreas, salivary gland,
adrenal gland, pituitary, breast, skin, ovary, uterus, prostate and testis. Among these tissues,
NIS mRNA level was the highest in stomach, followed by thyroid, salivary glands, and
cerebellum.

NIS expression in salivary gland tissues:

It was recognized that NIS is expressed in the salivary glands before NIS molecule cloning.
In patients with autosomal recessive, congenital dyshormongenetic goiters, the abnormal
saliva/serum iodide ratio as well as the lack of 99™TcO,~ uptake in both thyroid and
salivary glands were used to reveal the underlying iodide transport defect (Wolff 1983).
However, the localization of NIS expression in salivary ductal cells rather than acinar cells
was not discovered until the development of NIS antibodies. IHC staining demonstrates
that NIS is highly expressed in the basolateral membranes of the striated ducts (Jhiang et
al. 1998, Fig 1a), and is weakly expressed in intercalated and excretory ductal cells (La
Perle et al. 2013). Accordingly, 1311 is concentrated from blood circulation into saliva in the
ductal lumen mainly from salivary striated ductal cells. In sialoadenitis, NIS expression in
striated ducts has been demonstrated to be heterogeneously decreased or absent (La Perle
et al. 2013, Fig 1b), suggesting that inflammation decreases NIS expression in striated
ductal cells. This pathologic process translates well with clinical observations of decreased
uptake and impaired clearance of 9MTcO," that is seen after RAI therapy (Mandel &
Mandel, 2003, Fig 1c). The 131|-induced inflammatory infiltrate causes increased periductal
pressure with duct constriction and sialadenitis, which usually manifests as bilateral parotid
swelling and pain with decreased salivary flow (Goolden et a/. 1957, Mandel & Mandel
2003). For some patients, resolution of the inflammatory process and improvement in
symptoms occurs within days, while other patients experience subclinical inflammation with
delayed symptoms (Mandel & Mandel 2003). The latter group is more likely to suffer

from recurrent/persistent sialadenitis that eventually leads to permanent xerostomia with
progressive susceptibility to dental caries and periodontal disease (Mandel & Mandel 2003).
It is important to note that both acute periductal inflammation and chronic sclerosis in

the salivary glands may be seen in thyroid cancer patients who have been treated with131|
therapy.

Our study of 123| single-photon-emission computed tomography/anatomic imaging of
computed tomography (SPECT/CT) images from 50 thyroid cancer patients prior to
radioiodine therapy showed that the ratio of 123] cumulative radioactivity at 24 hr after
administration between parotid and submandibular glands is 2.38+0.19 (La Perle et al.
2013). However, the corresponding ratio of 123] accumulation normalized by volume of
interest is 1.19+0.06. The percentage of NIS-positive striated ductal cells in submandibular
salivary glands was statistically greater than in parotid salivary glands, suggesting a higher
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clearance rate of 13| in submandibular than parotid salivary glands. Indeed, approximately
65-70% of saliva in the oral cavity is produced by the submandibular glands, even though
they are much smaller than the parotid glands. These findings are consistent with the
recent study showing that damage to the parotid glands is more common than damage to
submandibular salivary tissue among radioiodine treated patients when examined by neck
ultrasound (Horvath et a/. 2020).

We also demonstrated that most ductal salivary gland tumors do not express NIS. The
exception is Warthin’s tumors of striated duct origin which exhibit consistent and intense
NIS staining and avid radioactive iodine uptake (La Perle et a/. 2013). Taken together,

NIS expression in salivary ductal cells appears to be mainly modulated by ductal cell
differentiation and NIS expression is retained in salivary tumors derived from striated ducts.

NIS expression in gastrointestinal tissues:

In the gastrointestinal tract, NIS is expressed in the basolateral membrane of gastric mucin-
producing cells (Wapnir et al. 2003). However, in the small intestine, NIS is functionally
expressed on the apical surface of enterocytes (Nicola et a/. 2009), suggesting that iodide
from food sources as well as iodide concentrated in gastric juice is likely to be absorbed and
reabsorbed, respectively, via NIS at apical membrane of the small intestine into the blood
circulation. The gastrointestinal epithelium is a constitutively developing tissue, constantly
differentiating from stem cells in a progenitor pool throughout the life of the organism (de
Santa Barbara et a/. 2003). The high turnover rate of enterocytes and the gastric mucosa may
explain why gastrointestinal symptoms generally resolve quickly after radioiodine therapy,
as injured gastric mucosa and enterocytes are quickly replenished with newly differentiated
gastric mucosa and enterocytes.

The pathogenesis of gastric cancer has been associated with abnormal patterns of gastric
differentiation and with chronic tissue injury (Mills & Shivdasani 2010). Altorjay et al.
(2007) found that NIS staining was observed in gastric mucin-producing cells in gastritis,
both in the presence and absence of Helicobacter pylori. However, NIS expression was
absent in gastric cancer, independent of its histological type. They also observed that

focal NIS staining in the direct vicinity of gastric tumors increased gradually and became
linear with escalating distance from the tumor, suggesting that loss of NIS expression
precedes microscopically identifiable morphological changes. Recently, Shiozaki et al.
(2019) examined NIS expression by IHC staining in 145 primary gastric cancer samples, and
showed that 37% of the samples were NIS-positive yet NIS immunostaining was detected in
the cytoplasm and non-polarized cell membrane. They further demonstrated that strong NIS
expression was associated with a poor prognosis in gastric cancer. A separate study reported
a similar prognostic role of NIS expression in gastric cancers (Mishra & Shrivastava, 2020).

In the normal gastrointestinal tract, NIS expression is restricted to terminal differentiated
cells with a rapid turnover rate. For NIS-negative gastric cancer, one could interpret that
malignant transformation suppresses NIS expression or malignant transformation occurs in
NIS-negative gastric precursor cells at a less-differentiated stage. For NI1S-positive gastric
cancer, it is possible that signaling nodes and/or transcription factors that initiate NIS
expression in gastric mucosa are aberrantly activated during malignant transformation or
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malignant transformation occurs after precursor cells are committed to differentiated gastric
mucosa.

NIS expression in breast tissues:

NIS expression and radioiodide uptake in breast tissues are at the highest levels during
active lactation (Cho et al. 2000, Tazebay et al. 2000). NIS proteins are detected at the
basolateral membrane of breast ductal epithelium; iodide is transported from the mother’s
blood circulation to the ductal lumen where milk is accumulated. This process is critical
to ensure sufficient iodide is provided to the newborn for thyroid hormone synthesis. The
NIS protein level in breast tissue declines significantly during a post-lactational involution
process until it is at an undetectable level in non-lactating normal breast tissues (Cho et al.
2000).

Incidental findings of radioiodine uptake in non-breastfeeding women have been reported
(Hammami et al. 1996), yet the underlying reason(s) remains to be elucidated. Among
pathological breast tissues, our unpublished data and others (Kilbane et a/. 2000, Berger

et al. 2006, Ryan et al. 2011) detected high level of NIS expression at the basolateral
membrane of fibroadenoma, a benign breast tumor which may change in size during
pregnancy, breastfeeding, or while taking hormone replacement therapy. Fibroadenoma is
one of the most common benign tumors of the breast in women under 30 years of age.
NIS-positive fibroadenomas may account for some of the incidental findings of radioiodine
uptake in non-breastfeeding women (Hammami & Bakheet 1996, Kim ef a/. 2017)

Based on communication with our previous collaborator, Dr. Juha Kononen at National
Human Genome Research Institute, our analysis of NIS IHC staining in tissue microarray
composed of 650 breast tumors showed that 17% of 650 breast tumors had strong plasma
membrane NIS staining that did not correlate with the presence or absence of estrogen
receptor, progesterone receptor, nor human epidermal growth factor receptor 2 (HER2)
(unpublished data). In contrast, Wapnir et a/. (2003) reported a significant number of

breast cancers with cytoplasmic NIS immunostaining. It is possible that detectability of
plasma membrane NIS and cytoplasmic NIS is epitope-dependent and can vary among NIS
antibodies. However, the identity of cytoplasmic NIS immunostaining in both thyroid and
breast cancers had been questioned (Peyrottes ef a/. 2009). If possible, an additional method
of NIS detection, such as RT-qgPCR with an acceptable Ct value (cycle threshold), needs

to be applied to confirm NIS identity in breast cancers with exclusively cytoplasmic NIS
staining. Of interest, Smith ef a/. (2009 & 2013) reported that inhibition of PTTG binding
factor (PBF) increases NIS plasma membrane localization with improved radioiodine uptake
in thyroid and other tumors. Recently, Fletcher et al. (2020) reported that an inhibitor for
valosin-containing protein (VCP) significantly increases NIS cell surface localization and
results in a marked increase in radioiodine uptake activity in both mouse and human thyroid
models.

NIS expression in lacrimal sac and nasolacrimal duct:

Nasolacrimal duct obstruction has been associated with high dose radioiodine therapy
(Kloos et al. 2002, Ali 2016, da Fonseca et al. 2016). Morgenstern et al. (2005) showed
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that NIS mRNA was detected in normal lacrimal sacs via RT-PCR and NIS immunostaining
was detected at the basolateral membrane of the stratified columnar epithelial cells in the
lacrimal sac (Fig 2a) and nasolacrimal duct (Fig 2b). In contrast, NIS immunostaining

was not detected in the lacrimal glands (Fig 2c), Wolfring or Krause glands, conjunctiva,
canaliculus, nor nasal mucosa. In lacrimal sacs removed from radioiodine-treated patients,
NIS-expressing cells were absent and marked fibrosis was noted at sites of the stratified
columnar epithelial cells (Morgenstern et al. 2005). Morgenstern et al. (2005) concluded
that 1311 accumulation at the lacrimal sac and nasolacrimal duct is responsible for the
development of nasolacrimal drainage system obstruction, as patients diagnosed with
nasolacrimal obstruction typically do not demonstrate signs of proximal canalicular stenosis.
Instead, the association of dry eye with radioiodine therapy could be attributed to increasing
risk of eye infection or inflammation from improper tear drainage (Morgenstern et al. 2005).
As illustrated in Fig 2d, tears produced by the lacrimal glands is secreted into excretory
ducts which empty into the superior conjunctival fornix and then spread over to the cornea
by the process of blinking. However, NIS expression in the excretory ducts has not been
examined. If NIS is expressed in the excretory ducts, it would explain the detection of
radioactive tears after 1311 administration and 131I-induced excretory duct obstruction may
lead to dry eyes. Since dry eyes can be triggered by multiple factors, such as aging,
medications, allergy, menopause, etc., the role of 1311 in the development of dry eyes in
131)treated patients is uncertain.

NIS expression in other non-thyroid tissues:

Using a very sensitive detection method, RT-PCR followed by Southern hybridization,
Spitzweg et al. (1998) reported that NIS expression was detected in pituitary gland,
pancreas, testis, mammary gland, gastric mucosa, prostate and ovary, adrenal gland, heart,
thymus, and lung. Wapnir et a/. (2003) reported apical membrane NIS staining in placenta
cytotrophoblasts and renal distal and collecting tubules, as well as NIS intracellular
immunostaining in many normal tissues including bladder mucosa, colonic mucosal cells,
bile duct, etc. However, the implications of cytoplasmic NIS immunostaining without
concomitant detection of equivalent NIS mRNA levels remain speculative. Likewise, the
physiological and clinical significance of extremely low tissue expression of NIS mRNA
without unequivocal plasma membrane NIS immunostaining within a specific cell type
remains uncertain.

NIS function in non-thyroidal tissues

NIS function in the thyroid gland is well defined; NIS mediates active iodide uptake
against its concentration gradient from the blood circulation into thyroid follicular cells for
thyroid hormone synthesis. Since iodine is a rare but essential element for thyroid hormone
synthesis, the reabsorption of iodide is a critical step for maintaining a circulating pool. The
iodine that has not yet been retained by the thyroid gland can be re-absorbed into the blood
circulation and may be eventually taken up via NIS into thyroid follicular cells. Indeed,
iodide is taken from blood circulation by NIS at salivary ducts and gastric mucosa into
saliva and gastric juice, respectively. lodide containing saliva and gastric fluids that move
into the small intestine are then resorbed into bloodstream via NIS at the apical surface of
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enterocytes to complete entero-thyroid circulation of iodide (Josefsson et al. 2002). Taken
together, NIS function in the salivary gland and gastrointestinal tract plays an important role
in iodide conservation for thyroid hormone synthesis.

In the placenta, NIS in the apical membrane of cytotrophoblasts mediates iodide transport
from maternal circulation to fetal circulation for thyroid hormone synthesis by the fetus.

In lactating breast tissue, NIS in the basolateral membrane transports iodide from maternal
blood circulation to maternal milk so that the newborn has sufficient iodine for his/her own
thyroid hormone synthesis. Maternal iodine deficiency has been reported to have negative
impact on infant’s thyroid function (Dei-Tutu et a/. 2020).

Additionally, it has been proposed that a function of NIS in non-thyroidal tissues is to
provide antimicrobial protection and healing (Venturi & Venturi 2009). However, the clinical
impact of this possible role is unclear. The clinical phenotype for ITD patients with low or
absent radioiodide uptake by the thyroid and other NIS-expressing organs has been limited
to consequence of thyroid hormone deficiency only. To date, there is no evidence to support
increased susceptibility to oral or gastrointestinal infections nor pathological dysfunction in
NIS-expressing non-thyroid organs for ITD patients. Similarly, the phenotype of NIS-knock
out mice is characterized by hypothyroidism, with reduced thyroid hormone and increased
thyroid stimulating hormone levels (Ferrandino et a/. 2017). Taken together, NIS function
appears not to be critical in NIS-expressing non-thyroidal tissues beyond iodide conservation
for thyroid hormone synthesis.

NIS regulation in non-thyroidal tissues

Among NIS-expressing tissues, NIS expression is generally elevated and restricted to highly
functioning differentiated cells. In the thyroid, NIS is most prominent in thyrocytes of
patients with Graves’ disease (Jhiang ef a/. 1998), when thyrocytes are actively synthesizing
and releasing thyroid hormones. In breast tissue, NIS is most abundant during lactation
(Cho et al. 2000, Wapnir et al. 2003) when providing iodine to the infant. In the stomach,
NIS is restricted to the gastric mucosa (Wapnir et al. 2003) where gastric juice is secreted

to prepare for food digestion. In salivary glands, NIS is most prominent in striated ducts
(Jhiang et al. 1998, La Perle et al. 2013), which plays a major role in the modification of the
ion composition of the primary saliva produced by acini. Taken together, it is reasonable to
postulate that NIS modulation is tissue-specific and is likely modulated by factor(s) driving
lineage commitment to the highly functioning differentiated cells.

Among NIS-expressing non-thyroid tissues, breast is the most extensively studied tissue for
NIS modulation. Tazebay et al. (2000) showed that subcutaneous injection of 1 IU oxytocin
for 3 consecutive days significantly increased NIS expression and radioiodide uptake in

the mammary gland of nubile mice. For ovariectomized nubile mice, the combination of
oxytocin, prolactin and 17-B-estradiol stimulated maximal NIS induction. Our previous
study demonstrates that radioiodide uptake in the lactating mammary glands of rats is
partially decreased by a selective oxytocin antagonist or bromocriptine that inhibits prolactin
release (Cho et al. 2000). In MCF-7 cells, an estrogen receptor positive human breast cancer
cell line, all-trans retinoic acid (ATRA) induces NIS expression and radioiodide uptake
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(Kogai et al. 2000). ATRA-induced NIS expression can be further enhanced by co-treatment
with dexamethasone (Kogai et a/. 2005, Unterholzner et a/. 2006). Additional factors that
modulate NIS expression in ATRA+Dexamethasone treated MCF-7 cells include miR-339-
5p (Lakshmanan et a/. 2015), an MEK inhibitor (Zhang et a/. 2013), a staurosporine-related
protein kinase inhibitor, KT5823 (Beyer et a/. 2011), and a potent activator of pregnane-
X-receptor, carbamazepine (Willhauck ef a/. 2011). A histone deacetylase inhibitor was
reported to increase NIS mRNA in a variety of established cell lines (Liu & Xing 2012,
Kelkar et al. 2016). Examining NIS expression in mammary gland tumors from various
genetically engineered mouse models, cCAMP or PI3K activation appears to associate with
NIS up-regulation (Knostman et al. 2004).

In contrast to breast, selective modulation of NIS expression in other non-thyroid tissues
has not been investigated except that NIS expression is driven by lineage commitment to
the highly functioning differentiated cells. La Perle et a/. (2013) reported that inflammation
decreases NIS expression in salivary striated ductal cells. It will be of interest to investigate
if NIS expression in other non-thyroid tissues is also reduced by acute or chronic
inflammation.

Similar to the thyroid, NIS expression is likely modulated by iodide concentration in
non-thyroid tissues that facilitate dietary iodide absorption or iodide conservation for
thyroid hormone synthesis. Indeed, iodide excess downregulates NIS protein levels and
NIS-mediated iodide absorption in rat’s small intestine as well as in small intestinal cell
line (Nicola et al. 2009 & 2012). This finding emphasizes the important role that dietary
iodine plays in the enterocyte physiology, as it controls its own NIS-mediated absorption
and, by extension, manipulating the supply of iodine to the body (Nicola et a/. 2015). NIS in
gastric mucosa and salivary ductal cells mediates iodide uptake from blood circulation into
epithelial cells such that iodide not taken by thyroid can be released into gastric juice and
saliva, respectively. lodide return to the gastrointestinal lumen can then be reabsorbed via
NIS in small intestines. It would be of interest to investigate if NIS expression is modulated
by iodide concentration in other non-thyroid tissues.

Impact of NIS expression in non-thyroidal tissues on thyroid cancer

radioiodine therapy

NIS expression in non-thyroid tissues makes these tissues susceptible to radiation damage
during radioiodine therapy for thyroid cancer patients. Thus, transiently silencing/reducing
NIS expression or inhibiting NIS function in non-thyroid tissues for 24-48 hours after

1311 administration would prevent or alleviate 1311-induced adverse effects. However, the
proper mechanism to achieve transient, targeted, and restricted delivery of small interfering
RNA (siRNA) or an NIS inhibitor to target cells without compromising the 1311 therapeutic
efficacy on thyroid cancer remains to be elucidated. Nevertheless, identifying the specific
cell type in which NIS is abundantly expressed in non-thyroidal tissues has provided a
better understanding of the development and progression of 1311-induced adverse effects.
For example, dry mouth is likely a secondary effect of salivary duct obstruction, as NIS
expression is restricted to ductal cells. Indeed, loss of acinar cells and salivary gland
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atrophy occurs quickly after ligation of salivary excretory ducts, however, acinar cells can

be regenerated after ductal ligation is removed in an experimental animal model (Cotroneo
et al. 2010, Weng et al. 2018). Accordingly, if salivary duct obstruction could be recognized
and relieved in a timely manner, not only could the discomfort of full-blown salivary gland
swelling and pain be alleviated, 131I-induced dry mouth could also potentially be prevented.
Uncovering the pathological process and intervention at an early, potentially reversible stage
is an alternate therapeutic intervention to reduce the severity of 1311-induced adverse effects.
Taken together, we are now in a better position to devise more effective strategies to alleviate
the adverse effects of radioiodine therapy and thereby improve the quality of life for thyroid
cancer survivors.

Among radioiodine adverse effects, salivary and lacrimal complications are relatively
common and have a major negative impact on the quality of life for thyroid cancer survivors.
As stated in a recent joint multidisciplinary clinical consensus statement of otolaryngology,
ophthalmology, nuclear medicine and endocrinology (Singer et al. 2020), there is a need

to better understand the true incidence, optimal treatments and importantly prevention

of salivary gland and lacrimal dysfunction elicited by radioiodine therapy. Since salivary
duct and nasolacrimal drainage ductal system are relatively accessible for local delivery of
reagents, the incidence and severity of these adverse effects can be significantly reduced
with collective effort from our community in pursuing personalized preventive measure and
therapeutic intervention

Radioiodine-induced salivary duct obstruction:

Many thyroid cancer survivors suffer from life-long morbidity of radioiodine-induced
salivary gland dysfunction, including recurrent sialadenitis, persistent xerostomia, and
progressive susceptibility to dental caries and periodontal disease. The prevalence of chronic
symptomatic salivary dysfunction (16-54%) and abnormal salivary gland scintigraphic
findings (37%—72%) vary among studies (Clement ef a/. 2015). Various prevention strategies
for 131]-induced salivary gland (SG) dysfunction have been implemented, including

salivary stimulation, radioprotection, and anti-inflammatory medications. Currently, the
most common practice includes adequate hydration and initiation of salivary stimulation,
such as sucking sour candy or lemon juice, for the first 48 hrs after 1311 treatment. However,
the efficacy and optimal timing of salivary stimulation has not been systematically evaluated
and currently remains controversial (Nakada et al. 2005, Jentzen et al. 2010, Van Nostrand et
al. 2010). The fact that chronic SG dysfunction is a common adverse effect among patients
who have received high doses of 131| indicates that novel approaches with better efficacy
need to be developed.

Since salivary accumulation of 1311 is absent in NIS knock-out mice and in patients

with a congenital iodide transport defect who carry NIS loss-of-function mutation, one
could hypothesize that 13!1-induced salivary gland damage can be avoided if salivary NIS
expression/activity is temporarily inhibited during the time period when blood circulating
1311 js high. The salivary ductal system, the primary injury site of 1311, is accessible for
local delivery of NIS silencing or NIS inhibition reagent. However, the challenge is to
ensure that NIS silencing or NIS inhibition will be retained solely within the salivary glands
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without entering blood circulation to compromise radioiodine therapeutic efficacy for the
thyroid cancer. For 131|-treated patients who suffer from radioiodine-induced sialadenitis
with ductal stenosis and mucus plugs, sialendoscopy with dilatation, saline irrigation, and
steroid injection have resulted in clinical improvement of symptoms for 75-100% of patients
(Bhayani et al. 2015, Cung et al. 2017). Sialendoscopy interventions at an early stage

of sialadenitis have a better outcome than patients who already have developed chronic
salivary gland dysfunction. Of interest, sialendoscopy also shown to be effective in salivary
gland protection by reducing the inflammatory effects of PSMA targeting alpha therapy in
prostate cancer patients (Rathke et a/. 2019). Since not all patients are at risk to develop
131)-induced chronic salivary dysfunction, it is important to identify which patients will
benefit from preventive measures prior to radioiodine therapy and which patients will
require sialendoscopy intervention at an early stage of sialadenitis.

The incidence and severity of 1311-induced salivary dysfunction in thyroid cancer

survivors increases with cumulative 1311 radioactivity received (Clement et a/. 2015).

In addition to cumulative 1311 radioactivity, we found that female gender, previous
incidence of sialadenitis, and personal history of autoimmune disease associated with
Sjogren’s syndrome are risk factors for the development of sialadenitis after 1311 therapy
(Hollingsworth et al. 2016). Excluding patients with pre-excising salivary gland diseases,
Horvath et al. (2020) reported ~25% patients had anatomical damage in salivary gland(s)
revealed by neck ultrasonography conducted prior to and after 1311 therapy. They found that
the risk of sialadenitis was significantly correlated with 13| radioactivity administered and
female gender. Salivary gland atrophy was found in 21%, 47%, 78% of patients receiving
100 mCl, 150 mci, and >= 200 mCi radioactivity, respectively. Therefore, the challenge is to
identify individual patients who are susceptible to 131I-induced chronic salivary dysfunction
for prevention or early intervention.

The underlying pathobiological process associated with transient, recurrent, and chronic
sialadenitis induced by 1311 have not been studied. This can be accomplished by conducting
prospective studies investigating changes in answers to subjective questions related to the
health status of the salivary gland (Le Roux ef a/. 2020), along with changes in objective
evaluation of saliva composition (Klein Hesselink et a/. 2016), such as saliva electrolyte
and molecule profiles, scintigraphic functional imaging (Jeong et a/. 2013), and neck
ultrasound imaging (Horvath et al. 2020), prior to radioiodine therapy and at follow-up

and then correlate these findings with the development of sialadenitis and/or dry mouth.

By doing so, each patient can serve as their own control to identify the magnitude of
changes in saliva composition and imaging characteristics by scintigraphy and/or ultrasonic
images that lead to transient, recurrent, or chronic sialadenitis induced by 1311. If we

could use quantifiable saliva biomarkers or changes in salivary gland anatomic/functional
images to monitor the onset and progression of salivary gland dysfunction induced by 13|,
intervention strategies can be applied to patients in a timely manner. We can investigate
whether salivary biomarkers detected in the early stages of salivary dysfunction induced

by 1311 are predictive of future progression to chronic disease. We may also be able to
distinguish which patients are more susceptible to developing life-long 13I-induced salivary
gland dysfunction. The acquired insight on mechanisms underlying the development and
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progression of salivary gland dysfunction induced by 311 can lead to alternative preventive
measures and/or therapeutic interventions.

Radioiodine-induced nasolacrimal duct obstruction:

The incidence of 131I-induced nasolacrimal duct obstruction is 2-18% and typically occurs
months after radioiodine therapy (Ali 2016). Preventive measures to reduce 311-induced
nasolacrimal duct obstruction have not been proposed. A recent study demonstrated that

a patient with pre-existing asymptomatic and incomplete nasolacrimal duct obstruction
was able to be identified on the pre-therapy 123| whole-body scan and SPECT/CT and
further confirmed in post-therapy 1311 whole-body scan and SPECT/CT of head and neck
(Kay et al. 2020). Thus it is reasonable to assume that retrospective studies examining

the pre-therapy and post-therapy whole body scans along with SPECT/CT of head and
neck from patients with multiple radioiodine treatments may help determine the prevalence
of pre-existing nasolacrimal duct obstruction and 311-induced asymptomatic nasolacrimal
duct obstruction among thyroid cancer patients. It would be possible to investigate whether
additional 1311 therapy further exacerbates the severity of asymptomatic nasolacrimal duct
obstruction, leading to symptomatic disease. With a better understanding of the development
and progression of 1311-induced nasolacrimal duct obstruction, we will be poised to devise
appropriate prevention measures and intervention strategies.

Conclusion

NIS expression in non-thyroidal tissues allows radioiodine accumulation in these tissues
after radioiodine administration. Consequently, these tissues are also vulnerable to radiation
damage in 131I-treated thyroid cancer patients. NIS expression in non-thyroidal tissues is
generally restricted to or enriched in functioning differentiated cells and tissue damage
elicited by radioiodine are caused by direct or indirect radiation-induced inflammation.

The severity and duration of adverse effects in these non-thyroidal tissues depends on the
extent and duration of radioiodine accumulation, the tissue radiosensitivity, the turnover

rate of radioiodine injured cells, and the individual tissue repair capacity. While NIS
silencing in non-thyroidal tissues prior to 131| administration can eliminate 13|-induced
adverse effects, additional technology is needed to ensure restricted delivery of NIS siRNA
within targeted cells. Fully uncovering the pathological processes underlying 13!-induced
damage is critical to devising preventive measures and/or early therapeutic interventions that
will facilitate complete resolution of radiation-induced inflammation. Finally, the incidence
and severity of 131|-induced adverse effects vary among individual patients. Risk factors

in developing long-term salivary dysfunction or nasolacrimal duct obstruction other than
cumulative radioactivity administered need to be identified to aid in the clinical management
and decision-making.
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Figure 1:

NIS expression and function in normal and inflamed salivary glands. (a) NIS
immunostaining (brown color) is detected in the basolateral membranes of the normal
striated ducts; (b) NIS immunostaining (brown color) is heterogeneously decreased or
absent in inflamed striated ductal cells during sialoadenitis ; and (c) Technetium-99m
pertechnetate (TPT) time activity graph shows normal uptake and secretory clearance of

the TPT radioisotope in the functioning left parotid (curve of green color). The inflamed
right parotid (curve of blue color) had minimal uptake and no secretory clearance, indicating
reduced salivary NIS expression and salivary ductal obstruction, respectively. Lemon candy
was given at frame 20 to stimulate secretory clearance.
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Figure 2:
NIS expression in normal lacrimal drainage tissues. NIS immunostaining (brown color) is

detected at the basolateral membrane of the stratified columnar epithelial cells in (a) the
lacrimal sac, and (b) the nasolacrimal duct. NIS immunostaining is absent in (c) lacrimal
glands. NIS expression was not investigated in (d) lacrimal excretory ducts (red arrow).
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