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Abstract: Thyroid-stimulating hormone (TSH) and thyroid hormone levels are standard parameters
in blood analysis. However, the immunoassays employed may lead to false-positive or false-negative
results when the sample contains certain materials that interfere with the assay. Macro-TSH, a complex
of TSH with immunoglobulin or albumin, may cause apparently increased TSH concentrations. TSH
is produced in the pars tuberalis (PT) of the pituitary gland and by thyrotrophs of the pars distalis
(PD). It was found that variable glycosylation can render the molecule more strongly bound to
antibodies or albumin in the blood, leading to the hypothesis that macro-TSH consists mainly of
PT-TSH. Although less known than PD-TSH, PT-TSH plays an important role in the central regulation
of thyroid metabolism. The present review summarizes the physiological function of human PT-TSH
and its role in macro-TSH formation. The prevalence of macro-hyperthyrotropinemia, the structure of
PT-TSH and macro-TSH, problems in the measurement of TSH, and the action of PT-TSH in animals
with seasonal breeding are discussed. Despite the absence of a specific function of macro-TSH in the
organism, the identification of macro-TSH is important for avoiding unnecessary treatment based on
a falsified readout of increased TSH concentrations as numerous individual case reports describe.

Keywords: macro-hormones; thyroid-stimulating hormone; pars tuberalis TSH; pars distalis TSH;
immunoassay; circadian changes; ultradian changes; seasonal changes

1. Introduction

Thyroid-stimulating hormone (TSH) and thyroid hormone levels are standard pa-
rameters in blood analysis. The TSH level is the most important parameter to identify
subclinical hypo- or hyperthyroidism. However, one problem for routine diagnosis is
that the immunoassays commonly used to quantify TSH may generate false-positive or
false-negative results when samples contain materials that interfere with the test or are
incorrectly determined by this technology, like macro-TSH. Macro-TSH is defined as a large
molecular-sized TSH that is mostly a complex of TSH and IgG or albumin. Patients with
macro-TSH typically have elevated serum TSH and normal free thyroxine concentrations,
mimicking subclinical hypothyroidism. The important feature of macro-TSH is that it
mainly contains TSH produced by the pars tuberalis (PT) of the pituitary gland [1]. This
molecule is generally less known than systemically active TSH produced by thyrotrophs of
the pars distalis of the gland (PD). The aim of this review is, on the one hand, to highlight
the different physiological roles of PT-TSH and PD-TSH and, on the other hand, to address
problems in the identification of macro-TSH formation and in the measurement of TSH
concentrations. For many researchers, macro-TSH represents merely a diagnostic problem.
This review intends to provide more insight into the properties of its main component
PT-TSH in comparison to PD-TSH.
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2. The Two Sources of Pituitary TSH

TSH is the main stimulator of thyroid hormone production in the thyroid gland. It
is produced in the pars distalis (PD) of the anterior pituitary gland and secretion has
a circadian rhythm partly controlled by neurons and astrocytes of the suprachiasmatic
nucleus (SCN), which influence the secretion of thyrotropin-releasing hormone (TRH)
by the paraventricular neurons of the hypothalamus [2,3] (Figure 1). Neural projections
from the SCN to the TRH-releasing neurons of the paraventricular nucleus induce the
rhythmic TRH secretion, which induces in turn the release pattern of TSH in the thyrotrophs
of the PD. Both secretion of TRH and of TSH are part of the hypothalamic—pituitary
axis, and are inhibited by high blood concentrations of thyroid hormones, particularly
of triiodothyronine (T3) [4]. TRH is produced by neurons of the paraventricular nucleus
of the hypothalamus and released at the pituitary stalk into the pituitary portal system.
Transported by the blood, TRH reaches the thyrotrophs of the PD of the anterior part of
the pituitary gland, binds to TRH receptors and induces transcription of the TSH « and 3
subunit. TSH produced in the pars distalis, PD-TSH, binds to TSH receptors of the follicular
cells of the thyroid gland.
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Figure 1. Regulation of TSH secretion. Hypothalamic neurons end with terminal buttons at the

median eminence (ME) in the upper region of the infundibulum and secrete thyrotropin-releasing
hormone (TRH) into the portal system of the pituitary gland. Via this portal system at the ME, TRH
is transported to the pars distalis of the anterior pituitary gland (PD) and induces production and
secretion of TSH. Pars tuberalis (PT), the source of PT-TSH, represents a thin sheath at the pituitary
stalk. In rats, an independent mode of action on thyrotrophs of the PT was found. Melatonin directly
inhibits TSH production from these thyrotrophs. This action reduces both the binding of PT-TSH
to its receptor on tanycytes lining the 3rd ventricle (V) and the conversion of thyroxine (T4) to
triiodothyronine (T3) by intracellular deiodinase type 2 (DiO2). In the systemic circulation PT-TSH
is detectable as macro-TSH. PT-TSH and PD-TSH molecules differ in their glycosylation pattern.
PD-TSH has biantennary sulfonated glycans, whereas macro-TSH has multi-branched, sialylated
N-glycans. Abbreviations: PI, pars intermedia; PP, posterior pituitary lobe; Sial, sialylated glycans; S,
sulfonated glycans.

A second site of synthesis of TSH is located in the PT. PT-TSH was identified in seasonal
breeding mammals, where it plays an ancestral role in seasonal reproductive control of
vertebrates [5]. The PT of the pituitary gland is located at the median eminence (ME), which,
together with the area postrema, belong to the “circumventricular organs” [6]. In this region,
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capillary vessels lack the blood-brain barrier (BBB) and are fenestrated. Tanycytes control
the release of TRH into the hypothalamo-pituitary portal system to stimulate thyrotrophs
in the PD. In contrast to TSH from the PD, thyrotrophs of the PT lack TRH and thyroid
hormone receptors and, therefore, are not involved in the feedback regulation of thyroid
hormone levels [3]. PT-TSH, in contrast to PD-TSH, exerts local/paracrine action [7].
PT-TSH can reach the bloodstream via the fenestrated capillary vessels in the ME. Blood
concentrations of PT-TSH are 10,000 times lower than those of PD-TSH [1].

The regulation of PT-TSH secretion shows species-specific differences (Figure 2). In
seasonally breeding birds, light directly activates PT-TSH secretion [8]. The situation
is different in mammals, where PT-TSH secretion is regulated by the pineal hormone
melatonin through melatonin receptor 1A (MT1a), not by light. Long days in birds and
short melatonin secretion by the pineal gland in mammals increase PT-TSH secretion. The
resulting increased expression of DiO2 converts more T4 to T3. Short day length and
long melatonin secretion decrease PT-TSH levels leading to relatively higher DiO3 activity,
which generates the metabolically inactive reverse T3. The PT thyrotrophs of rats and
mice possess melatonin receptors, and accordingly, PT-TSH levels in rats were shown to
vary depending on the length of day. Mice, however, are poor models for the study of
PT-TSH because the majority of mouse strains (BALB/c, DBA/2,129/5v, AKR/]J, CF1, and
C57Bl/6) have undetectable melatonin levels and the physiological relevance of external
melatonin stimulation is questionable [9]. Thyrotrophs of the human PT have low or no
MT1a expression and, in contrast to seasonally breeding rhesus monkeys, no binding
of melatonin to human PT thyrotrophs has been observed, suggesting that, in humans,
melatonin plays no role in the secretion of PT-TSH [10,11].
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Figure 2. PT-TSH secretion in birds (e.g., Japanese quails, sparrow) is directly regulated by light via
activating a receptor in the deep brain. Long daylight induces PT-TSH, increases deiodinase type 2
(Di02) activity and generates-bioactive T3. Activation of DiO3 by short daylight leads to preferential
conversion of T4 to the inactive metabolite reverse T3 (rT3). In mammals (e.g., sheep, goat, hamster,
ground squirrel, common vole, Fisher 344 rats), retinal photoreceptors act on the suprachiasmatic
nucleus, where long daylight induces short pineal melatonin secretion and increased PT-TSH levels.
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Recently, a study of over 7000 Japanese subjects impressively demonstrated that
TSH in humans is subject to a seasonal rthythm [12]. This rhythm is generally thought to
occur via melatonin-mediated circannual fluctuations in TSH secretion, with serum TSH
concentrations reaching their annual peak in the northern hemisphere during the winter
months (January—February). Through various mechanisms, e.g., meteorological factors,
peripheral thyroid hormone concentrations of T3, free triiodothyronine (fT3), and T4 also
adjust to these seasonal fluctuations. However, as shown by Kuzmenko et al., measured T4
concentrations do not exhibit pronounced seasonal dynamics [13]. T4 is the only one of
these measured thyroid hormones that is secreted exclusively by the thyroid gland. This
suggests that at least part of the serum TSH increase in winter is due to PT-TSH. This TSH
isoform has no effect on the thyroid and would explain the unchanged serum T4 levels.
Quite analogous to the seasonal serum changes in TSH, changes at the transition between
subclinical hypothyroid and euthyroid status are also described [14]. In a big data approach
evaluating over 1.5 million data, mean serum TSH levels of adults showed a semi-annual
seasonal distribution pattern with higher values in summer and winter regardless of age,
sex, and ambient temperatures. Neither fT3 nor fT4 showed a seasonal trend [15]. All in all,
the seasonal fluctuations of TSH and their meaning for humans are far from being fully
elucidated yet. Further studies are needed. Specific studies should also focus on PT-TSH.

The targets of PT-TSH are the lining cells of the third ventricle of the brain, which
include ependymocytes characterized by cilia for the movement of the CSF and tanycytes
characterized by the almost complete absence of cilia. Tanycytes are bipolar ependymal
cells with long processes that extend into the hypothalamic parenchyma that may link the
cerebrospinal fluid (CSF) to neuroendocrine events. They are in close contact with neurons
and reach the fenestrated capillary network of the ME, while their tight junctions prevent
the diffusion of blood-born molecules into the CSF [16]. They are classified into « and 3
tanycytes; the existence of v tanycytes is also hypothesized [17]. 3 Tanycytes, which have
the highest expression of DiO2 of all tanycytes, are located at the base of the third ventricle,
while a1l and «2 tanycytes line the lateral walls [18]. The (31 tanycytes form the barrier
between the CSF and the tissue of the anterior pituitary gland by a honeycomb pattern of
zonula occludens 1- and occludin-immunoreactive tight junctions. Their long processes
reach the fenestrated capillary network of the ME and form synapse-like contacts [7]. At
the ME, TRH axonal varicosities and terminal buttons reach the capillary vessels that
lead to the anterior pituitary gland. Tanycytes regulate TRH secretion in the ME via
endocannabinoid release, whereas TRH axons regulate tanycytes by glutamate, suggesting
the existence of a reciprocal microcircuit between tanycytes and TRH terminals that controls
TRH release [19]. Tanycytes also express a TRH-degrading ectoenzyme (previously termed
pyroglutamylpeptidase II) to decrease TRH levels. These mechanisms regulate the amount
of TRH entering the pituitary portal vessels, to control energy homeostasis and to regulate
feedback to the paraventricular neurons that secrete TRH. PT-TSH binds to TSH receptors
of B-tanycytes. By binding to these TSH receptors, PT-TSH regulates DiO2 and DiO3 [20].
The local conversion of inactive thyroxine (T4) to active T3 by DiO2 is increased, whereas
the inactivation of T4 to reverse T3/T2 via DIO3 is reduced by the action of PT-TSH. As
demonstrated in tanycytes isolated from rats, TSH acted via both activation of adenylate
cyclase and phosphorylation of ERK1/2. Furthermore, activation of the TSH receptor leads
to an increase in DiO2 mRINA expression [21]. The communication of the PT with the
tanycytes is referred to as retrograde action, because PT can also communicate with the PD
in an anterograde manner, controlling, e.g., prolactin release via different messengers [22].

Follicle stellate cells (FSCs), characterized by their star-like appearance, represent
around 10% of the cells of the anterior pituitary gland [23]. They produce no hormones, but
they form a network with each other and with endocrine cells. They possess TSH receptors
and are suspected to be involved in the fine-tuning of PD-TSH through ultrashort feedback.
They are unique in the way that they express S-100 and glial fibrillary acidic protein (GFAP),
secrete growth factors (vascular endothelial growth factor, fibroblast growth factor, and
IL-6) and have phagocyte and self-renewal capability [24]. This combination led to the
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assumption that FSCs play a role in the immune system and further act as stem cells
contributing to the maintenance of hormonal cells. The immunoreactivity against DiO2 and
the T4 transporter monocarboxylate transporter 8 suggests that FSCs can modify thyroid
hormone levels [25]. In the ultrashort regulation of thyroid hormone levels it is assumed
that T4 is taken up by FSCs and converted to T3 by DiO2. DiO2 expression is induced by
binding of TSH. The ultrashort regulation could cause the pulsatile TSH secretion pattern.

Other types of biological rhythms are circadian, ultradian and infradian rhythms [26].
The circadian rhythm lasts 24 h, while ultradian rhythms are observable, measurable,
quantifiable physiological patterns shorter than 24 h (such as pulse, thermoregulation,
blinking, appetite, arousal and micturition [3]). Infradian rhythms are longer than 24 h
and include the seasonal breeding of some animal species. For humans, the menstrual
cycle is a typical example. Circadian, ultradian and infradian rhythms are regulated by
the SCN [27,28]. This is a paired structure of the anterior hypothalamus connected to
intrinsically photosensitive ganglion cells of the retina via the retinohypothalamic tract [3].
These cells are also functional in >50% of totally blind people, indicating their regulation
separate from normal vision. Due to the circadian rhythm, variations in the TSH levels of
up to 50% (0—4 am versus 7-9 pm) are within the normal range and do not strictly represent
a change in the functional state of the gland [29]. In sleep-deprived individuals, TSH
morning concentrations are twice as high as in people with normal sleep. This is due to
the fact that sleep inhibits TSH secretion [30]. On the other hand, when the depth of sleep
at the habitual time is enhanced due to prior sleep deprivation, the nocturnal TSH rise is
markedly reduced. Changes in TSH levels could be associated with the wave pattern of the
sleep electroencephalogram, particularly to delta waves activity as indicator for deep sleep.
According to a study by Gronfier et al., the nocturnal secretion profile for prolactin and GH
correlates with delta wave activity, whereas the nocturnal secretion profile for TSH and
cortisol correlate negatively with delta wave activity. It is not clear whether activity shown
in electroencephalograms (EEG) has a modulatory role on TSH levels, or inversely, whether
TSH variations could influence sleep structure. Alterations in the circadian release pattern
of TSH may contribute to thyroid diseases because autoimmune thyroid disorders are
more common in shift workers. Night workers with subclinical hypothyroidism (SCH) had
higher TSH concentrations than day workers [31]. SCH is linked to overall and subjective
sleep quality, shorter sleep latency and a lower proportion of late sleep on weekdays [32].
Action of sleep on TSH secretion may be a reason for this because shorter and longer sleep
are linked to SCH [33]. A dysfunction of the hypothalamus pituitary thyroid axis (HPT) can
also lead to decreased sleep quality. Staying up late on weekends affects the value of the
thyroid homeostasis parameter “structure parameter inference approach-Gain of Thyroid”
(SPINA-GT) [32]. This parameter provides an estimate of the maximum thyroid secretory
rate under stimulation conditions. It is calculated on the basis of a formula containing
the measured TSH and fT4 concentrations and several constants. In addition to PD-TSH,
PT-TSH is also linked to sleep quality (see Section 6 below).

Ultradian changes in TSH levels are pulses with a frequency of 20.0 & 2 min from
maximum to maximum [34]. The amount of released TSH at each pulse has been assessed
as 0.90 £ 0.06 mIU/L. These changes were not different in males and females but may be
age-dependent, although some studies failed to observe any association with age, whereas
others found diminished nocturnal surges and their earlier onset in older adults. TRH
infusions in human volunteers suggest that TRH may modulate TSH pulse amplitude but,
at least acutely, does not determine pulsatile TSH release [35]. One candidate for regulation
of TSH levels, independent from TRH and thyroid hormones, may be thyrostimulin,
also termed corticotroph-derived glycoprotein hormone (CGH). The protein, as the name
suggests, is produced by corticotrophs of the anterior pituitary gland. By binding to the
TSH receptor, it increases T4 levels [36]. Its affinity to the TSH receptor is greater than that
of TSH and bioactivity is 30 times higher [37]. The stronger affinity is caused by the binding
of CGH to both the transmembrane region and the ectodomain of the TSH receptor. It is not
clear whether the protein exists in circulating blood because the subunits heterodimerize
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only at high concentrations. The main function of the protein is seen in the regulation of
the pituitary gland to maintain euthyroidism. The authors regarded the pulsative secretion
pattern as particularly suitable for responding to rapid changes in the environment.

3. Routine TSH Determination in the Laboratory and Interference with the
Assays Used

The determination of TSH, T3 and T4 concentrations in blood is an essential part
of routine blood analysis for the assessment of thyroid function. The concentrations are
routinely determined by immunoassays. For the detection of small molecules (steroids,
T3, T4, vitamin D, etc.), the competitive immunoassay is usually preferred, while larger
molecules (e.g., pituitary hormones, calcitonin, thyroglobulin, insulin, inhibin, etc.) are
more often detected with a two-side (sandwich) immunoassay [38] (Figure 3). Sandwich
assays are usually more robust since antibodies are added in excess and they have higher
specificity and lower limits of detection. TSH levels are the critical parameter for the
diagnosis of subclinical hypo- or hyperthyroidism. The sensitivity of TSH detection has
improved over the years and the limit of detection has decreased in third generation assays
from 1 mIU/L to 0.01 mIU/L [39].

Sandwich immunoassay
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Figure 3. In the sandwich immunoassay, the sample is added to the capture antibody (Ab) and the
binding is detected by addition of the labelled Ab. Interferences may occur due to Abs that bridge
the capture and the labeled Ab (1), by Abs against Fab fragments of the capture Ab (2), by Ab against
the analyte (3), and by excess concentrations of analytes, which saturate all binding sites of capture
and labeled Ab (Hook effect, 4).

Detection with the sandwich immunoassay, routinely used for TSH detection, may be
incorrect due to the presence of heterophilic (endogenous) antibodies (Abs) and biotin, and
the hook effect. The term “heterophilic antibodies” is generally used for endogenous anti-
bodies of IgG, IgM or IgA isotype binding to the Fc region of assay Abs. Heterophilic Abs
are human, naturally occurring, weakly binding, poly-specific antibodies. Heterophilic an-
tibodies have a prevalence of 0.17-40% in the general population [40]. Human anti-animal
Abs, by contrast, are monospecific, high-affinity binding Abs, which occur after exposure
to animals or animal products, viral and bacterial infections or as autoimmune reaction.
Human anti-mouse Abs (HAMAs) are the most common anti-animal Abs. Heterophilic
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Abs can bridge the capture and the labeled detection Ab in sandwich immunoassays and
lead to falsely increased antigen level readouts. The hook effect is caused by excess antigen
(analyte) concentrations, which saturate nearly all binding sites of capture and labeled
antibody and thus prevent the binding of the detection antibody to the antigen bound to
the capture antibody [38]. Apparent antigen concentrations are falsely low because the de-
tection antibody is washed off. Biotin in the sample is a problem when streptavidin-biotin
binding is used for separation of the immunocomplex. The presence of biotin in blood
samples is not rare because of recommendations to the public to take biotin supplements
to improve health or quality of hair and nails. Antibodies can also be directed against the
signaling molecules, e.g., against streptavidin, biotin or ruthenium [41,42]. Anti-ruthenium
antibodies were shown to mimic macro-TSH in immunoassays using electroluminescent
detection [43]. Anti-ruthenium antibodies might be induced by the intake of ruthenium
in the food chain or exposure to residues on clothing [44]. The incorrect measurement of
TSH concentrations in the presence of macro-TSH is caused by the fact that circulating
antibody-TSH complexes produce an abnormal reaction in the immunoassay. The large
amounts of TSH are complexed with anti-TSH antibodies but are also detected by the
antibodies in the immunoassays. It is debatable if this could be termed “assay interference”
because the TSH molecules are present in the blood. Nevertheless, the readout does not
reflect the physiological situation because macro-TSH has no biological activity outside of
the brain.

TSH concentrations below or above the reference level will result in therapeutic in-
tervention and it is, therefore, important to identify false-positive or false-negative effects.
In this context, the existence of macro-TSH has to be taken into consideration. Macro-
hormones have been identified for several hypophyseal hormones, namely, adrenocorti-
cotropic hormone (ACTH), follicle-stimulating hormone (FSH) and luteinizing hormone
(LH). Prolactin (PRL) is the most frequently detected macro-hormone. PRL exists as
monomeric PRL (23 kDa), the dimer big PRL (50-60 kDa) and macro-PRL, also called
big-big PRL [45]. Macro-PRL consists of big PRL dimers joined by IgG molecules. It has
a molecular weight of 106 Da and no biological activity. Macro-PRL has been found in
10-25% of patients with hyperprolactinemia but only in 4% of the general population.
Macro-FSH and macro-LH are generated by the binding of auto-antibodies against no
defined epitopes. In the case of macro-PRL the protein region involved in binding to
the PRL receptor is suspected to be the main epitope [46,47]. Macro-ACTH results from
the incomplete cleavage of pro-opiomelancortin, the prohormone for the generation of
ACTH, B-lipoprotein, 3-endorphin and x-melanocyte-stimulating hormone (MSH). The
immunoreactive but bioinactive ACTH molecules complex with immunoglobulins [48]. As
illustrated in the next section, glycosylation of the TSH molecule appears to be an important
factor for the formation of macro-TSH.

4. The Role of Glycosylation in Macro-TSH Formation

Glycosylation plays an important role in the biological action of proteins. O-glycosylation,
O-GIcNAcylation (O-linked 3-N-acetylglucosamine) and N-glycosylation are the main types
of glycosylation. The oligosaccharides are attached to the proteins in a multistep enzymatic pro-
cess occurring in the rough endoplasmic reticulum and the Golgi apparatus, catalyzed by gly-
cosyltransferases. There are, however, differences in the way of synthesis [49]. O-glycosylated
glycoproteins are modified post-translationally with oligosaccharide chains synthesized on
the protein, by membrane-bound enzymes. Their synthesis is not inhibited by tunicamycin. N-
glycosylation is performed co-translationally, where oligosaccharides are transferred en bloc,
and enzymes are not membrane-bound and inhibited by tunicamycin. Post-translational N-
glycosylation is also possible and mediated by another oligosaccharyltransferase isoform [50].
N-glycosylation is mainly found in eukaryotes, whereas O-glycosylation can occur in both
prokaryotes and eukaryotes. N-oligosaccharides are attached via an N-glycosidic bond to
asparagine and all N-glycans share the same core structure. The addition of monosaccharides
to the core structure leads to the extension of the antennas in the outer part, which may be
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high mannose (oligomannose), hybrid type or complex type [51]. Complex N-glycosylation
is further subclassified into bi-, tri- and tetra-antennary type (Figure 4). The glycosylation
of TSH belongs to the complex type. PD-TSH is glycosylated with bi-antennary sulfonated
glycans whereas PI-TSH contains sialylated multi-branched glycans. Sialylated glycosylation
leads to an increased binding of heterophilic antibodies. The resulting complex of antibod-
ies, albumin and PT-TSH, forming a large molecular-sized TSH, is designated macro-TSH.
Macro-hormones are present only in the blood, where heterophile antibodies circulate, but
are not present in cell culture medium or in the pituitary gland tissue [52]. This demonstrates
that macro-TSH is formed only after contact with immunoglobulins in the blood and that the
complex is unable to exit the vascular system to reach receptors on peripheral tissues, such as
the thyroid gland. Due to their lack of biological activity, macro-hormones do not contribute
to feedback regulation.

N-Glycan types

Complex
high mannose hybrid bi-antennary tri-antennary tetra-antennary

PD-TSH PT-TSH

O4 Q4 4 3 L Siz :
; N-acetylgalactosamine
N-acetylglucosamine
Mannose
Fucose

Glycosylation sites (e): a-subunit: Asn-52, Asn-78; B-subunit: Asn-23

Figure 4. General types of N-Glycosylation in glycoproteins and differences in glycosylation of pars
distalis TSH (PD-TSH) and pars tuberalis TSH (PT-TSH).

TSH is a heterodimer and consists of two subunits, the « and the 3 subunit. The «
subunit is common to other glycoproteins, such as LH and FSH, and human chorionic
gonadotropin (hCG), and is responsible for activity, whereas the (3 subunit is hormone-
receptor-specific. There are three potential glycosylation sites in human TSH: two in the
o subunit (Asn-52 and Asn-78) and one in the 3 subunit (Asn-23) [51]. The 3 subunit
may be glycosylated or not glycosylated. Thus, in the bloodstream of all individuals,
a triglycosylated molecule and a diglycosylated TSH molecule circulate, but the ratio
between them differs [53]. The type of glycosylation usually differs between the subunits.
The o subunit contains mainly sialylated and monosulfonated and the (3 subunit more
disulfonated and core-fucosylated structure. The type of glycosylation of the « subunit
determines the biological action of TSH. N-glycosylation plays a key role in TSH receptor
activation. The glycosylation of the 3 subunit is important for stability and secretion of the
TSH molecule and sialylation of the 3 subunit decreases metabolic clearance. This is due to
the fact that sialic acid hides the N-acetylgalactosamine in the oligosaccharides from the
hepatic asialoglycoprotein (galactose-) receptor 1 responsible for clearance of the molecule.
The receptor, which is expressed exclusively in the liver, recognizes the GalNAc sulfate
signal in desialylated proteins, e.g., PD-TSH, and removes them [54].
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In addition to the pulsatile secretion pattern, the glycosylation of TSH is a possibility
for regulating thyroid hormone levels. It is assumed that TRH is involved in the regulation
of sulfonation and sialylation of TSH [55]. TSH isolated from human pituitary glands
typically is a heterogeneous mixture of predominantly GalNAc-sulfated biantennary glyco-
forms [56]. The molecules have a pH from 6.8 to 8.3 and different bioactivity. Circulating
TSH is composed of sialylated glycans. The sulfonated TSH has increased activity for
c¢-AMP production, whereas core fucosylated forms activate the inositol trisphosphate (IP3)
pathway more potently. As a general rule, decreased sialylation increases bioactivity and
decreases half-life, whereas highly sialylated TSH has prolonged half-life and low intrinsic
activity (low affinity to the TSH receptor). Bioactivity is also determined by the number of
glycosylation sites (tri- or di-glycosylation).

Primary hypothyroidism, thyroid hormone resistance and TRH administration in-
crease terminal galactosylation and sialylation, resulting in the increased bioactivity of
TSH [57]. In children up to 18 months of age, most TSH molecules are high-sulfonated and
low-sialylated compared with older children and adults [58]. The low sialylation is similar
to TSH of third-trimester fetuses and favors a high bioactivity at thyroid and extrathyroidal
TSH receptors. Similarly, pituitary tumors (TSHomas) lead to the production of TSH with
enhanced bioactivity [59]. In severe primary hypothyroidism, another adaptation has been
observed: the PD-TSH had a lower degree of N-glycosylation, higher degree of sialylation
and lower degree of sulfonation than TSH from euthyroid individuals [53]. The TSH
molecules of these patients are similar to PT-TSH and display impaired bioactivity due to
the high sialylation but longer action due to increased half-life. Inactivating mutations in
TRH and TSH receptor lead to mildly increased TSH and diminished T4 concentrations [60].
The bioactivity of TSH in these patients is decreased by increased sialylation of the glycans.
Similar to PT-TSH, the increased sialylation is associated with decreased elimination of the
molecule [61]. An increase in sialylation is also observed in nighttime compared to daytime
TSH [62].

Since TSH immunoreactivity, independent from the glycosylation pattern, is detected
by the conventional immunoassays, the ratio of bioactivity to immunoreactivity (B/I ratio)
in TSH of patients with primary hypothyroidism and also transiently during nighttime
is decreased but can be increased by substitution with L-T4. The decreased bioactivity
is observed in vivo, whereas bioactivity in vitro is variable and may also be normal [63].
There is the problem of determining the contributions of the effects on TSH receptor and
on renal clearance on the overall effect of TSH with different glycosylation patterns.

PT-TSH is characterized by tri- and tetra-antennary glycans linked with sialic acid. The
differences in the glycosylation pattern between TSH produced in the different parts of the
pituitary gland are due to the specific expression of glycosyltransferases in the respective
TSH-producing cells [64] and influences the binding of IgG and albumin for macro-TSH
formation [20]. Albumin has a negative net charge (—15 for humans) at the physiological pH
of 7.4 and is the main transport protein in the blood for a variety of endogenous molecules
and xenobiotics [65]. Hydrophobic compounds, metabolites, hormones, and nutrients are
bound to a greater extent to albumin than (especially negatively) charged molecules. PD-
TSH is thought to be more strongly negatively charged due to the sulfate groups, whereas
in PT-TSH, the less negative charge of the sialic acid groups may result in a higher binding
to albumin. Multi-branched sialylated glycans in PT-TSH also cause increased binding of
antibodies. This resulting macro-TSH contains natural antibodies, which may be of IgM or
IgG isotype, mainly IgG2b and auto-TSH antibodies [1]. One case of IgA-bound TSH has
also been reported [66]. Anti-TSH antibodies are found in patients who received bovine
TSH and in patients with autoimmune diseases [67]. The antibodies in patients with macro-
TSH were identified as anti-TSH-f3 auto-antibodies and auto-antibodies against subunit
«, a common subunit shared between human TSH, FSH, and LH [68]. The generation of
these antibodies is hypothesized to be due to age, reduced autoimmune tolerance and
altered TSH- antigenicity [68]. A change in the immunogenic potential may be suspected
because macro-TSH contains mainly IgG2. IgG2 is the second most abundant subclass of
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IgG molecules with 32% compared to IgG1 with 60%, IgG3 with 4% and IgG4 with 4%
prevalence [69]. While the other IgG subclasses respond to a greater extent to proteins
and allergens, IgG2 is the main responder to polysaccharides. The higher glycosylation of
PT-TSH may, therefore, preferentially induce auto-antibodies of this subclass. Macro-TSH
is cleared to a lower extent by the kidney, which results in longer circulation times and
potential accumulation in the body [70]. This TSH complex is detected in the blood over
long periods of time. It lowers the B/I ratio in central hypothyroidism even more than
sialylated TSH.

5. Identification and Prevalence of Macro-TSH

The presence of macro-TSH can result in an under-estimation of TSH if the TSH-
epitopes recognized by the immunoassay antibody are occupied by the complex of PT-
TSH with endogenous antibodies [71]. There may also be an overestimation of TSH
concentrations when the antibodies cross-link the capture and the labelled antibody of the
immunoassay. Several techniques help in the identification of macro-TSH. Macro-hormones
are often heterogeneous, and immunoassays produce different results. Therefore, the use
of more than one immunoassay may be necessary to identify macro-TSH [72]. The Abbott
Architect TSH assay was found to be less affected by macro-TSH in the sample than Roche
E170 Modular Analytics and Advia Centaur assays in that study. According to another
study, the E170 Modular Analytics (Roche Diagnostics) was found to be more sensitive
than the Advia Centaur from Siemens Healthcare Diagnostics [73]. Rix et al. found that
E170 Modular Analytics and Perkin-Elmer Delfia assays are very sensitive for macro-TSH
and Advia Centaur less sensitive [74]. In the comparison between E170 Modular Analytics
assay, Beckman Coulter Access TSH and Advia Centaur, the latter was less sensitive for
macro-TSH than the former two assays [75].

The incubation of the sample with serum from hypothyroid patients (1 + 1) is another
method to reveal the existence of macro-TSH [8]. When macro-TSH is present in the sample,
it will markedly reduce the TSH levels of the hypothyroid serum because some of the
native TSH has been converted to the less detectable macro-TSH. However, the reduction
in TSH recovery occurs to a lesser extent in TSH assays that are sensitive to macro-TSH
because these assays can still detect considerable amounts of the newly formed macro-TSH.
Hence, assays that are less sensitive to macro-TSH are better suited for this investigation
because the fall in TSH recovery will be more pronounced. The presence of macro-TSH is
also suspected when the signal of diluted samples lacks linearity or when specific measures
(use of heterophile blocking tubes or protein A pretreatment) markedly lower the content
of TSH in the sample [38].

A decrease in TSH after immunocomplex precipitation with polyethylene glycol (PEG)
by >75% of the untreated sample also indicates the presence of macro-hormones. PEG
competes with the immunoglobulin surface for water molecules. When less water is avail-
able to hydrate the surface, then immunoglobulin molecules start to precipitate. With this
method IgG and IgM can be fairly specifically precipitated. By contrast, only 50% of IgA is
precipitable. Upon addition of the IgA-binding lectin Jacalin, IgA also can be adequately
precipitated [66]. In one study, TSH concentrations decreased after precipitation with PEG
in 30-40% of patients without thyroid disease or thyroid cancer and in 63% of patients
with SCH according to another study [76]. The precipitation method as an indication for
the presence of macro-TSH is somewhat controversial because increased concentrations of
globulins in the blood may also augment the fraction of precipitated TSH [39]. In a study
by Giusti et al., PEG-precipitable TSH was 39.3% =+ 1.9% in thyroid cancer patients and
44.1% =+ 3.9% in controls [77]. After PEG precipitation and applying the cut-off levels of
>80%, only 3.1% of samples from thyroid cancer patients contained macro-TSH. This preva-
lence was higher than values reported for SCH from other groups, e.g., 0.79-1.6% [72,76].
Due to this relatively high background precipitation rate, macro-TSH is only suspected
when the signal decreases by more than 75% of the initial value. Protein A and protein G
precipitate almost all Ig classes. Ohba et al. suggested the use of cut-off levels based on the
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relation of TSH and free thyroxine (fT4) as Log1l0TSH = 0.700 + 1.549/(1 + (fT4/0.844)) [78].
With this method, the authors could identify macro-TSH in 80% of the positive samples.

Gel filtration chromatography (GFC) is the gold standard for the verification of macro-
TSH in the sample but is more expensive and less accessible than the other techniques. This
method may also be prone to errors because it can confound macro-TSH with HAMAs,
which elute from the column at the same position as y-globulin. This implies that screening
for HAMAs must be performed in parallel.

Manufacturers of immunoassays developed strategies, such as the inclusion of non-
immune animal Ig from the same species as a scavenger for antibodies, aggregated Ig,
chimerized or humanized antibodies, and Fab fragments or sheep antibodies, to over-
come the problem of interference with HAMAs [38]. The suggested workflow for the
identification of macro-TSH is precipitation with PEG in samples with TSH concentrations
>10 mU/L followed by confirmation with gel chromatography [67].

Many reports on macro-TSH are case studies [79-84], suggesting that the existence
of macro-TSH is not generally known. Macro-TSH was reported with a prevalence of
0.6% in individuals with TSH concentrations > 10 mIU/L [75]. In patients with SCH,
0.79-1.6% of the samples contained macro-TSH [72,76]. Other studies report prevalence
in a similar range in these patients: 1.6% as verified with gel filtration chromatography
(GFC) and 0.8% upon the exclusion of HAMA [76]. In patients with thyroid cancer, 3.1% of
the samples contained macro-TSH [77]. The prevalence was higher in older adults and in
females. A much higher prevalence of macro-TSH was reported in a Russian study [85].
The authors detected macro-TSH in 53.3% of patients with SCH and in 25% of healthy
controls. Immunoglobulin bound to TSH was identified via PEG precipitation, GFC and
protein A binding. The authors explained the high prevalence of macro-TSH by the fact
that they studied patients with >10 ImU/L concentrations. However, the percentage
in their healthy controls was also considerable higher than the prevalence reported in
other studies. Hattori et al. re-evaluated a small patient collective and found that macro-
TSH persisted in 11/13 patients over a one- to four-year period after the first evaluation.
Serum TSH levels returned to normal in the remaining two patients whose macro-TSH
disappeared [68]. Although high macro-TSH levels are seen in some patients with SCH and
overt hypothyroidism, its presence is not linked to thyroid dysfunction but is also found in
individuals with normal TSH levels [86].

To better identify patients with increased TSH levels due to macro-TSH, Favresse et al.
suggested to screen patients with isolated TSH elevation (typically markedly elevated), in
whom thyroid hormones are in the upper half of the normal range, and who have no signs
or symptoms in thyroid dysfunction [39]. It seems possible that the same patient may have
falsely elevated TSH concentrations due to the simultaneous occurrence of heterophilic
antibodies and an erroneous laboratory result due to a biotin interference. In addition, a
fraudulently elevated FT4 concentration due to thyroid hormone autoantibodies may also
be present [87].

The identification of elevated TSH concentrations is difficult due to differences in
the values between the immunoassays and problems in the setting of normal ranges
(reference intervals, RIs). Aliquots of a serum sample in which TSH is measured should
give identical results independent of laboratory equipment, personnel, and environment
and assay method [88]. This can be achieved by standardization or by harmonization.
Standardization is a process by which comparable results are obtained by having each
laboratory’s methods of calibration traceable to a reference measurement procedure (RMP).
The variable glycosylation pattern and TSH-unrelated specificity problems prevent the
development of a RMP and TSH assays are therefore harmonized. Harmonization describes
the use of a reference system consisting of methods and materials that are not traceable to
the systéme international d"unités (SI) but are agreed upon to act as references. The National
Academy of Clinical Biochemistry (NACB) suggested selecting at least 120 individuals
with the following inclusion criteria: (i) no personal or family history of thyroid disease,
(ii) negative for thyroid antibodies, (iii) presenting no visible or palpable goiter, and (iv) not
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receiving any treatments affecting thyroid function (except estrogen). The 2.5th and 97.5th
percentiles of the log-transformed TSH are identified as the RI for TSH [89]. This number
of individuals may be too small because outliers strongly affect the upper limit. In a
multicenter study, recalibration equations were derived based on three immunoassays, the
Access 3rd IS Thyrotropin (Beckman Coulter Diagnostics), the Architect system (Abbott
Diagnostics) and the Elecsys (Roche Diagnostics) [90]. After validation using an external
quality assessment, it was observed that recalibration decreased the coefficients of variation
from 10.72% to 8.16%. Further, method-independent Rls for TSH were obtained.

When there is a discrepancy between thyroid laboratory parameters and clinical
manifestation, the presence of immunoassay interference with one or more indicators (T4,
TSH) needs to be considered. In this case, the following measures shown in Figure 5 should
be taken.

Normal fT4/3 High fT4/3

/\/\

Macro-TSH (or a.- Heterophilic a-TH (or a-Ru)

Ru antibodies) antibodies antibodies

- PEG precipitation - Blocking agents - Different assays
- Chromatography - Incubation with - PEG precipitation
- Incubation with SCH serum - Binding of T4
SCH serum and/or T3

Figure 5. Algorithm for the identification of macro-TSH (content according to [61]). Findings
are written in red, reasons in orange and measures in green boxes. Ruthenium (Ru) was used
for automated detection of TSH in the Elecsys® TSH assay (Roche Diagnostics; https:/ /labogids.
sintmaria.be/sites/default/files/files/tsh_2018-05_v24.pdf (accessed on 14 May 2023)). Abbreviation:
a-Ru, anti-ruthenium; o-TH; anti-thyroid hormone; SCH, subclinical hypothyroidism.

6. Characteristics of Macro-TSH and Hypotheses concerning Its Role in Humans

In a young male with macro-thyrotropinemia, it was observed that short-term L-
T4 substitution significantly decreased plasma TSH to near-normal TSH levels within
2-4 weeks, but hyperthyroid symptoms emerged [71]. The authors suggested that when
the secretion of freely circulating TSH from the PD is suppressed, TSH could be released
from the antibody complex. In this case, the situation would be similar to free and bound
thyroid hormones, where only a minor fraction is freely circulating. This theory was based
on the fact that, if the binding in the TSH complex was irreversible, the decline in TSH
would have been more prolonged, because the half-life of IgG is about 30 days [91]. But
this theory is made less likely by the finding that TSH-Ig complexes were very stable and
dissociated only at pH 3.0 [92]. According to another hypothesis, the complex formation
of TSH with immunoglobulin or albumin serves to remove damaged protein similar to
protein binding for the inactivation of drugs [1]. Such a function cannot be excluded,
although the elimination of the complexed TSH is much slower than that of the free TSH.
In another case study, macro-TSH prevented the increase in fT3 in the TRH stimulation
test despite a normal PRL response. The authors proposed a rapid binding of PD-TSH,
secreted after TRH stimulation, to heterophilic antibodies forming the hormonally inactive
macro-TSH, which therefore did not increase serum fT3, but did not provide a proof for the
hypothesized mechanism [78].
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The absent/low bioactivity and the lack of association of macro-thyrotropinemia with
pathologies or concrete symptoms suggests that macro-TSH has no positive or negative
effects in humans. Macro-PRL, which is more common than macro-TSH, was reported to
have neither a specific physiological nor a pathological role [93]. Increased TSH levels in
patients with hyperprolactinemia suggest a common tendency for the formation of anti-
hormone antibodies [94]. Since 72.3% of patients with hyperprolactinemia had TSH levels
in the upper range (>4.2 mIU/L), it may be hypothesized that macro-TSH was present in
the samples due to the cross-reactivity of anti-PRL antibodies [94]. There was also a high
frequency of patients with hyperprolactinemia (21% and 46%) with autoimmune thyroid
disorders [95,96]. The reverse correlation, hyperprolactinemia in patients with SCH, was
reported, with a prevalence of 8-34.93% [94,97].

In a study including patients with cardiovascular risk factors, according to PEG
precipitation, in 50% of patients, macro-TSH represented >80% of total TSH [98]. These
patients also had higher body mass indices, and a higher prevalence of dyslipidemia
and diabetes mellitus than the group with lower macro-TSH levels. After adjustment for
these parameters, a significant correlation of macro-TSH with sleep physical activity and
percent sleep was found. They found that serum macro-TSH was significantly correlated
with fasting glucose, HbAlc, and the homeostasis model assessment of insulin resistance
(HOMA-IR), a simple and useful method for evaluating insulin sensitivity. Macro-TSH
levels were much higher in type 2 diabetes mellitus (T2DM) patients than in the non-
diabetic controls. T2DM may result in an increased and /or altered glycosylation of TSH [99],
facilitating the formation of macro-TSH. It is further possible that the increased IgG2 levels,
which were found in T2DM patients with high body mass index, waist circumference and
complement C3 levels, lead to increased complex formation with circulating TSH [100].
This IgG class is relevant because it is mainly contained in macro-TSH [1]. The increased
levels of macro-PRL in T2DM patients compared to normal controls may suggest a general
mechanism in these patients leading to macro-hormone formation [101].

From the diagnostic point of view, knowledge of the presence of macro-TSH in the
sample is important because increased TSH levels have therapeutic implications. Failure to
identify macro-TSH in the blood of neonates may lead to the diagnosis of hypothyroidism
and to T4 replacement therapy [8]. Macro-TSH was detected in 0.43% of neonates and
also in their mothers [102]. It is hypothesized that in pregnant women, maternal anti-TSH
antibodies cross the placental barrier and form macro-TSH complexes with neonatal TSH.
Therefore, it would be good to also screen the mother for TSH and {T4 to avoid a pitfall.
If the mother also presents elevated TSH levels and normal fT4, macro-TSH should be
considered as a possible reason. In this situation, the neonate should not be treated with
L-T4 but the screening should be repeated after several weeks because the macro-TSH
transferred from the mother will have disappeared by then. Also in adults, a lack of
identification of macro-TSH may result in therapeutic problems. One case study reported
inadequate treatment of a patient with Graves’ disease with L-T4 based on falsely increased
TSH concentrations caused by the presence of macro-TSH [103].

Interference by macro-TSH should be further differentiated from the inappropriate
secretion of TSH (IST), which is characterized by increased TSH and increased fT4 and
fT3 concentrations [104]. This situation is sometimes called central hyperthyroidism. The
causes of IST may be the neoplastic production of TSH (TSHoma in the pituitary gland
or ectopic TSHoma) or the non-neoplastic pituitary hypersecretion of TSH (resistance
to thyroid hormone beta, TRH administration, and Cushing’s syndrome after surgical
resection). The term syndrome of IST (SITSH) is used when only fT4 and not fT3 is
increased. Unlike IST, elevated fT3 is not a criterion for SITSH.

7. Conclusions

Glycosylation patterns define the bioactivity and macro-TSH formation of PD-TSH and
PT-TSH. While PT-TSH has central but no peripheral activity and has a greater propensity
to form macro-TSH, PD-TSH is the main stimulator of the thyroid gland. In contrast to
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other species, human PT-TSH appears to play only a minor role in biological rhythms. It
is likely that macro-TSH itself has no physiological or pathological role in humans. The
identification of macro-TSH in the sample is nevertheless important to avoid unnecessary
supplementation with L-T4 inducing iatrogenic hyperthyroidism, particularly in neonates.
To solve this problem as simply as possible in the future, TSH determination methods that
do not interfere with macro-TSH will be required.
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Abbreviations

Abs Antibodies

ACTH Adrenocorticotropic hormone

BBB Blood-brain barrier

CGH Corticotroph-derived glycoprotein hormone
CSF Cerebrospinal fluid

DiO2 Deiodinase type 2

DiO3 Deiodinase type 3

EEG Electroencephalogram

FSC Follicle stellate cell

FSH Follicle stimulating hormone

fT3, fT4 Free triiodothyronine, free thyroxine
GFAP Glial fibrillary acidic protein

GFC Gel filtration chromatography

HAMA Human anti-mouse Antibodies

hCG Human chorionic gonadotropin
HOMA-IR Homeostasis model assessment of insulin resistance
HPT Hypothalamus pituitary thyroid

1P3 Inositol trisphosphate

IST Inappropriate secretion of TSH

LH Luteinizing hormone

MTla Melatonin receptor la

ME Median eminence

MSH Melanocyte-stimulating hormone

NACB National academy of clinical biochemistry
PD Pars distalis

PEG Polyethylene glycol

PFA Perifornical area

RMP Reference measurement procedure

RI Reference interval

PT Pars tuberalis

PRL Prolactin

SCH Subclinical hypothyroidism

SCN Suprachiasmatic nucleus

SI Systeme international d’unités

SITSH Syndrome of inappropriate secretion of TSH

SPINA-GT Thyroid homeostasis parameter structure parameter inference approach-Gain
of Thyroid
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T3 Triiodothyronine

T4 Thyroxine

T2DM Type 2 diabetes mellitus

TRH Thyrotropin releasing hormone
TSH Thyroid-stimulating hormone
\Y Ventricle
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