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Stellingen behorend bij het proefschrift

Insulin Receptor and IGF-1 Receptor Bioactivity in Health and Disease

Met de introductie van de insuline radio immunoassay (RIA) werd (en wordt nog steeds) de rol
van non-supressible insulin-like activity in serum genegeerd.
(Dit proefschrift)

De activering van de insuline receptoren door serum kan slechts ten dele met specifieke
antilichamen gericht tegen insuline geblokkeerd worden. In serum aanwezige insuline-achtige
groeifactoren lijken bij de activering van de insuline receptoren een niet te verwaarlozen rol te
spelen.

(Dit proefschrift)

Het meten van de concentratie van een insuline analoog met de huidige insuline
immunoassays is onbetrouwbaar.
(Dit proefschrift)

Er lijkt voor wat betreft de stimulatie van de IGF-I receptor geen duidelijk verschil te bestaan
tussen het bloed van type 2 diabeten behandeld met insuline glargine of met humaan
insuline.

(Dit proefschrift)

Voor het stellen van de diagnose groeihormoon deficiéntie zijn metingen van de IGF-I
receptor bioactiviteit waarschijnlijk meer informatief dan metingen van hetimmunoreactief
totaal IGF-I.

(Dit proefschrift)

In een subgroep van patiénten met Graves’' Ophthalmopathie kunnen circulerende IGF-I
receptor stimulerende antistoffen aangetoond worden. In hoeverre deze antistoffen een
pathogenetische rol spelen bij Graves’ Ophthalmopathie is op dit moment (nog) onduidelijk.
(Dit proefschrift)

Kanker is een belangrijke complicatie van diabetes.

If the overall variation is mainly caused by narrow individual variation around dispersed
individual set-points, then a population-based reference range is unlikely to detect minor
deviations from the individual set-point.

(Thyroid 2003 13 1069-1078)

Het verkorten van de opleiding tot internist is mogelijk als deze verkorting tenminste gepaard
gaat met het tot een minimum beperken van de administratieve taken van de arts-assistent.

Optimism is the faith that leads to achievement.
(Helen Keller)

If you wait for the perfect time to have children, you'll never have children.
(Grey’s Anatomy)
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Introduction

|I. GENERAL INTRODUCTION

Insulin bioassays and immunoassays laid the foundation for the discovery of
the IGFs

“That which we call a rose by any other name would smell as sweet.”

(Romeo and Juliet (1, ii, 1-2))
Insulin was discovered in 1921" by Banting and Best and its structure elucidated in
19552 The first insulin bioassays appeared in the 1940s. First, rats were injected with
a range of known concentrations of purified commercial or ‘standard’ insulin and the
subsequent fall in blood glucose levels was measured. Then an unknown sample of hu-
man plasma was administered to a rat and its insulin concentration was assumed to be
identical to the standard dilution that caused the same fall in glucose levels**. Due to
poor correlations between measured blood glucose levels and calculated insulin levels,
these bioassays were replaced by in vitro bioassays. Metabolic parameters, such as rate
of glucose uptake in response to dose-response curves of known insulin concentrations
were measured using isolated tissues, such as the hemidiaphragm or epididymal fat pad
from the rat>”. Also these in vitro bioassays for plasma insulin were not very successful
due to high inter-assay variability, their laborious nature and due to a growing doubt
that they were not specific for insulin®. Maybe even more importantly, in 1959 Leonards
described a substance in normal human fasting serum that, like insulin, stimulated
glucose oxidation and triglyceride synthesis in adipose tissue but that, unlike insulin,
could not be extracted from plasma into acid-ethanol®. In 1963, Froesch et. al'® found
that serum from guinea pigs immunized against insulin, suppressed insulin action in
fat tissue, but it had no effect on Leonards’s insulin-like substance and so the term non-
suppressible insulin like activity (NSILA) was born.

By the mid-1950s there was a clear need to measure plasma insulin by a different
tool. In 1960, Berson and Yalow published a method for the measurement of plasma
insulin by radioimmunoassay (RIA)"'. The insulin RIA was based on the principle that the
concentration of the unlabelled insulin (cold insulin) was proportional to the extent to
which unlabelled insulin displaced radiolabelled insulin (hot insulin) from anti-insulin
antibody''. In the final section of their paper'’, Berson and Yalow discussed the paradox
that serum insulin concentrations determined by bioassay usually greatly exceeded
insulin concentrations determined by RIA in the same specimens. In attempting to ac-
count for this discrepancy, they noted that Leonards’s finding of NSILA in normal human
fasting plasma ‘has raised a serious question as to what part of the insulin action on
fat tissue is due to insulin itself’. They then suggested that the ‘much higher estimated
plasma insulin concentration’ determined by bioassay may indeed have been attribut-
able to the presence of non-insulin substances with insulin-like activity''. The introduc-
tion of the RIA for insulin has greatly increased knowledge of the physiology of glucose
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10 | Chapter1

homeostasis and of the diverse causes of diabetes mellitus. However, its use discarded
the notion of NSILA (as discussed above) and thereby delayed the identification of the
insulin-like growth factors (IGFs)'2.

Growing awareness that not all ILA in serum was suppressible by insulin antibodies
closely intertwined with the research that had begun in the mid-fifties by Salmon and
Daughaday. They recognized that the failure of growth hormone (GH) to stimulate in
vitro sulphate incorporation in cartilage was due to the existence of an intermediary
factor induced by GH™. This factor was descriptively termed sulphation factor (SF)'™.
Later Salmon and DuVall showed that rat serum exhibited activities, besides SF activity,
that resembled those of insulin and were not suppressible by insulin antibodies'. They
suggested SF to be identical with one or more plasma insulin-like factors™.

The observation that both SF and NSILA were GH dependent further raised the suspi-
cion that these activities could be identical. In 1972 a more generic name for SF was
proposed, namely somatomedin (SM)**, since, besides stimulation of sulphate incorpo-
ration in cartilage, also protein and DNA synthesis in cartilage were stimulated by serum
in a GH-dependent fashion and since SF was also active in muscle tissue. Subsequently,
in the ‘growth hormone field’ different somatomedins were purified and termed SM-A,
SM-B and SM-C respectively'®'®, At the same time however, the ‘metabolic field’ pursued
with the isolation of NSILA. In 1978 the primary structures of NSILA were identified and
termed the insulin-like growth factor I (IGF-I) and Il (IGF-II) due to their close similarity
with proinsulin™?2. Years later it was finally shown that SM-A and SM-C were identical
with IGF-I. Somatomedin B was found not to be GH-dependent and not to be a true
growth factor'®2., IGF-Il did not have a SM partner since it had not been purified by any
of the groups using the SM nomenclature.

As for insulin, also for IGF-I and IGF-II, due to the laborious and unspecific nature of
bioassays?, these bioassays were quickly abandoned with the development of the first
RIA for IGF-1in 19772* and for IGF-Il in 19812,

The common origin of insulin, insulin-like growth factors and their receptors

Not only are there great functional similarities between insulin and the IGFs, there are
also remarkable structural similarities. This has provided strong evidence that the genes
encoding for insulin and IGFs are derived from a common ancestor gene that underwent
duplication about 600 million years ago?. A following gene duplication may have taken
place which led to the division into IGF-I and IGF-1l about 300 million years ago, around
the time mammals appeared on earth?.

Insulin is formed from pre-pro insulin. Pre-pro insulin is processed into a single chain
proinsulin and subsequently a connecting peptide (C-peptide) is cleaved of by a highly
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specialized enzyme system resulting in an insulin molecule that contains a separate A-
and B-chain, which are bound by two disulfide bridges?”-2® (Figure 1). In all vertebrates,
the insulin molecule, like human insulin, is built from 51 amino acids and has a molecular
weight of 5808 Da%. Both insulin and C-peptide are packaged in granules in the beta-
cells of the pancreas, from which they are secreted into the interstitial space and hence
into the blood by exocytosis*?. Insulin concentrations in the blood increase rapidly and
fall rapidly again according to the plasma glucose concentration and thus to the need of
the organism, which can change from second to second?'.

The major structural differences between insulin and the IGFs, are that the IGFs
are single chain polypeptides in which the C-peptide (C-domain) is not cleaved but
conserved??. They also contain an additional D-domain, which extends from the C-
terminal end of the A chain, which does not occur in insulin®232 (Figure 1). IGF-l and
IGF-1l are 70 and 67- amino acid polypeptides with molecular weights of 7649 and 7479
Da, respectively'. In primary sequence, human insulin, IGF-I and IGF-Il share 50% amino
acid identity in the A- and B- domains'. Although IGFs are also processed from pre-pro
and pro IGFs, the processing of these molecules is less complex compared to insulin®2. In
contrast to insulin, IGF-secretion is a steadier, slow process leading to a more constant
level of IGFs in serum that is much higher than that of insulin. IGFs are not stored within

Figure 1.

Primary structure of human insulin is formed by 21 amino acids in the A-chain and 30 amino acids in the
B-chain. At one end of each chain (the N terminal end) is an amino group, and at the other end (the C
terminal end) is a carboxylic acid group.

The three-dimensional structure of insulin is further stabilised by disulphide bridges. These form between
thiol groups (-SH) on cysteine residues. There are 6 cysteines, so 3 disulphide bridges are formed: 2
between the A and B chains and one within the A chain.

IGFs are single chain polypeptides in which the C-peptide (C-domain) is not cleaved but conserved
(black). They also contain an additional D-domain (black), which extends from the C- terminal end of the A
chain, which does not occur in insulin.
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12 | Chapter 1

secretory granules within cells®'. They are produced via a constitutive secretory pathway
and directly released into the blood?®" *. When the IGFs are secreted into the blood, they
immediately associate with soluble high affinity binding proteins, the IGFBPs, which
compared to the IGFs are present in excess?'.

IGFs are widely expressed in many cell types in almost all tissues throughout the body
and are considered key factors in intrauterine development and postnatal growth and
metabolism3*3,

The secretion of IGFs in uterus is largely independent of GH*®. This was demonstrated
in mice studies and in studies on patients with GHRH receptor and GH receptor muta-
tions, in which only a slightly diminished intrauterine growth was observed?®. In con-
trast, mice with a complete deficiency of IGF-I (IGF-I-null mice) created by homologous
recombination, exhibited significant postnatal lethality and those who did survive
showed substantial growth retardation (birth weight of approximately 60% of normal),
infertility, and profound defects in the development of major organ systems3¢38, Also
IGF-1I null mice had a birth weight of approximately 60% of normal. However, these mice
showed normal postnatal growth rates, were fertile and had average life spans®® .,

In contrast to foetal life, in childhood and adult life, IGF-I secretion seems to be mainly
controlled by GH. Circulating IGF-I is primarily produced in the liver. In mice specifi-
cally lacking IGF-I production by the liver, (induced via a Cre/loxP-induced conditional
knockout system), circulating IGF-I levels were decreased by approximately 75%*%. De-
spite the decrease in circulating IGF-I levels, these mice exhibited no defect in growth
or development, suggesting that there is a considerable functional reserve capacity
in the insulin-GH-IGF system and showing the importance of the autocrine/paracrine
role of IGF-I. GH, age en developmental stage are not the only factors responsible for
IGF-I production. Production also depends upon nutrition, adequate insulin secretion,
the immune system, insulin, several tissue-specific factors such as gonadotrophins, sex
steroids, cortisol, thyroid function and last but not least genetic factors*.

In human foetal serum, IGF-1 levels are relatively low and are positively correlated with
gestational age* **. IGF-| levels in newborns are typically 30-50% of adult levels® .
IGF-1 serum levels rise during childhood? *¢. During puberty, IGF-I levels rise to 2-3 times
the adult range® *, possibly indirectly due to the rise in gonadal steroids which give a
rise in GH secretion and directly by augmenting liver synthesis and secretion of IGF-1*'.
After 20-30 years of age, like GH-levels, serum IGF-I levels gradually and progressively
fall*.

In contrast to the IGF-I gene, the IGF-II gene is imprinted with only the paternally
expressed allele being active®. IGF-Il mRNA expression is high in foetal life and declines
postnatally. In human newborns, IGF-II levels are typically 50% of adult levels®. By one
year of age, adult levels are attained and remain almost unchanged throughout life with
quantities three-to four fold greater that that of IGF-1?>, These high levels of IGF-II in
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adult life are in great contrast to IGF-Il levels in rodents, in which levels greatly reduce
after birth and remain reduced. The exact role of IGF-Il in adult humans is at present not
known®, In contrast to IGF-I production, IGF-Il production seems to be much less de-
pendent of GH*. In acromegalic patients normal IGF-Il levels have been described? 052,
However, in contrast, in GH deficient patients, low IGF-II levels have been found?> 04,
In addition, GH treatment of hypopituitary dwarfs has been found to return IGF-Il levels
within the normal range?® 3+, This latter observation suggests that GH can stimulate
IGF-1l in GH-deficiency. So, a minimal concentration of GH is probably enough to maxi-
mally stimulate IGF-Il production.

As insulin and the IGFs probably arose during evolution by gene duplication, there is
the hypothesis that the insulin receptor (IR) and IGF-I receptor (IGF-IR) were also created
by gene duplication of a common precursor receptor molecule®”. Depending on which
regions are being compared, the IR and IGF-IR have sequence similarities varying from
41-84%. Both the IR and IGF-IR are composed of two monomers, each comprising an
extracellular alpha-subunit and a transmembranic beta-subunit which are linked by a
disulfide bridge. They belong to the family of ligand-activated receptor kinases. Unlike
other tyrosine receptor kinases, these receptors exist at the cell surface as homodimers
composed of two identical alpha/beta monomers, or as heterodimers composed of two
different receptor monomers (Figure 2). Binding of a ligand to the extra-cellular alpha-
subunit induces the receptors to undergo a conformational change. This enables au-
tophosphorylation of the intrinsic tyrosine kinase domains within the transmembranic
beta-subunits, which is the first step in the intracellular signalling cascade.

In the human body, due to alternative splicing of exon 11 of the IR gene, two IR tran-
scripts are generated, resulting in IR isoform A (IR-A) (lacking exon 11) and in IR isoform
B (IR-B) (including exon 11)%. The IR-A is expressed ubiquitously, but is predominantly
expressed in the central nervous system, haematopoietic cells and can also be substan-
tially expressed in cancer tissues. IR-A is also expressed in the foetus where it may be
activated by insulin and IGF-Il for growth. IR-B is expressed predominantly in the liver
and also in muscle and adipose tissue; the major target tissues for the metabolic effects
of insulin®9-6°,

The structures of the IR and IGF-IR resemble each other to such an extent that insulin
and IGFs can interact with each others receptor, although with quite different affinities.
The IR demonstrates high affinity binding to insulin (K, ~ 10" M), 10 fold lower affinity
for IGF-Il and a 50-100 fold lower affinity binding for IGF-I°". In this respect it is has been
shown that there are differences between the IR-A and IR-B; IGF-II having a higher affin-
ity for IR-A than for IR-B. On the other hand, the IGF-IR binds the IGFs with a high affinity
(K, ~10°-107° M) but binds insulin with 100-fold lower affinity®".
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Figure 2.

Schematic overview of the receptors in the insulin-IGF system. Both the IR and IGF-IR are composed of
two monomers, each comprising an extracellular alpha-subunit and a transmembranic beta-subunit
which are linked by disulfide bridges (not shown). They exist at the cell surface as homodimers composed
of two identical alpha/beta monomers, or as heterodimers composed of two different receptor monomers
(so called hybrid receptors). Due to alternative splicing of exon 11 of the IR gene, two insulin receptor

(IR) isoforms exist; isoform A (IR-A) (lacking exon 11) and in IR isoform B (IR-B) (including exon 11). With
permission retrieved and modified from the thesis entitled ‘IGF-I bioactivity in Aging, Health and Disease’
by M.P. Brugts'e.

The IGF-IIR, or cation-independent mannose-6-phosphate receptor, is structurally un-
related to either the IGF-IR or IR as it consists of a single, primarily extracytoplasmic,
polypeptide chain®. This receptor binds IGF-Il with a greater affinity than IGF-l while it
does not bind insulin®. It primarily acts in intracellular transport of lysosomal enzymes
and sequesters IGF-Il from potential receptor activating interactions by internalization
and degradation®. Although the receptor does not contain a tyrosine kinase activity
nor an autophosphorylation site, it does link to G-proteins which provides a potential
mechanism for signal transduction®.

What determines growth-promoting and metabolic effects of insulin and IGFs?

The conventional view regarding actions of insulin, the IGFs and their receptors is that
insulin and the IR mainly mediate metabolic responses, whereas IGFs and the IGF-IR
mediate growth promoting effectss>¢. Structural differences of the beta-subunit and
kinase domains of the IR and the IGF-IR leading to differences in substrate interactions
have been suggested to be partly responsible for insulin-IGF specificity®’. Moreover,
the signal transduction by the receptors may not be limited to its activation at the cell
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surface. It has been suggested that the activated ligand-receptor comple, initially at
the cell surface, is internalised into endosomes. The lifetime of this complex within the
endosomes might be an important factor in influencing the types of response produced
by a particular receptore®. However, the role of ligand internalization and endosomal
residence time as mechanism of selective signalling has yet never been confirmed.
Recently, it was suggested that in vivo specificity of insulin and IGF-I reflects at least in
part the levels and timing of the expression of IRs and IGF-IRs in target tissues in com-
bination with ligand concentration and availability®. As Boucher stated: IR and IGF-IR
act as identical portals for the regulation of gene expression, with differences between
insulin and IGF-| effects due to a modulation of the amplitude of the signal created by
the specific ligand-receptor interaction®.

Nevertheless, evidence exists showing that insulin and IGF-I can mediate very similar
responses’®. IGF-l can exert acute metabolic effects like insulin, while insulin in turn,
can substitute for IGF-I inducing growth-promoting and differentiation enhancing
activities’. In addition, also the IR and IGF-IR share very similar intracellular signalling
pathways’' (Figure 3). Moreover, studies have suggested that differences between IR-A
and IR-B in terms of receptor activation and signalling may result in different functions
of each IR isoform?®.

In some tissues and cells where significant levels of both IRs and IGF-IRs are present,
hybrids may be formed. These hybrids are heterodimeric receptors consisting of an IR
alpha/beta monomer and an IGF-IR alpha/beta monomer linked by disulfide bonds.
Such hybrids are probably formed during normal post- translational processing of both
receptors® and are widely expressed on normal tissues and often aberrantly expressed
in cancer cells”2. Although the precise biological role of these hybrids is still unclear, it
has been suggested that hybrid receptors may play a role in the overlapping functions
of insulin and IGF-I%. Binding of insulin to a hybrid receptor would result in autophos-
phorylation of its own beta-subunit which, through subsequent transphosphorylation,
activates the beta-subunit of the IGF-IR monomer resulting in a growth-promoting
signal®. In the other way around, IGF binding to a hybrid receptor would result in auto-
phosphorylation of its own beta-subunit which could activate the beta- subunit of the
IR monomer by the same mechanism, thereby promoting metabolic actions®. Although
this could explain why insulin under certain circumstances may induce cellular prolifera-
tion and IGF may stimulate metabolic functions, functional studies have demonstrated
that hybrid receptors behave more like IGF-IRs than IRs%. So the general consensus is
that the IR and IGF-IR besides their distinct functions also have overlapping functions.

IGF bioavailability

Whereas insulin circulates freely in the circulation, IGFs are found in complexes with
IGF binding proteins (IGFBPs). There are, at present, six well characterized mammalian
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PISK/AKT PATHWAY

Figure 3.

Schematic overview of the IR and IGF-IR signalling pathways. After activation of the receptors by insulin,
insulin analogues or IGF-I, autophosphorylation of kinase subunits leads to phosphorylation of adaptor
proteins. The two main intracellular pathways, activated by both receptors, are the RAS-ERK-MAPK
pathway and the PI3/AKT pathway. With permission retrieved and modified from the thesis entitled ‘IGF-I
bioactivity in Aging, Health and Disease’ by M.P. Brugts'®.

IGFBPs, designated IGFBP-1 to -6*" 7374, It was not until the mid 1980s to early 1990s
that the six known IGFBPs were cloned and sequenced®. All six binding proteins share
~35% sequence identity with each other. IGFBPs have higher affinities for IGFs (K, ~
107°-10""M) than the IGF-IR. Therefore, IGFBPs not only act as carrier proteins for IGFs,
thereby prolonging half-life of the IGFs, but also modulate IGF bioavailability and activ-
ity’®. Moreover, various studies have shown that some IGFBPs may mediate their effects
on target cells by IGF-independent factors, e.g. direct association of IGFBPs with a variety
of extracellular and cell surface molecules’7%. It has been estimated that around 1% of
circulating IGF is present in its free form””. IGFBP-3, which is a GH-dependent IGFBP, is
the most abundant IGFBP in the circulation with levels more than 10-fold higher than
the other IGFBPs*. The major pool of IGFs (75-80%) circulate in human serum as 150-
200kDa complexes consisting of IGF, IGFBP-3 (38-43 kDa) and an acid labile subunit (ALS)
(80 kDa)*. The remaining IGFs circulate within a ~50 kDa complex consisting of one of
the IGFs and one of the other IGFBPs. The ALS does not bind the IGFs but increases the
molecular mass of the IGF-IGFBP-3 complex (ternary complex). In the ternary complex
circulating IGFs cannot leave the circulation and can therefore not be transported to the
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extracellular fluid or various tissues. In this way the availability of the IGFs to the tissues
is limited and controlled.

From bioassays to immunoassays and back?

As mentioned above, IGF bioactivity nowadays is estimated primarily by the measure-
ment of total (i.e. extractable) IGF-I and IGF-II due to the lack of reliable bioassays’s”.
Moreover, these bioassays often lacked specificity and were labour intensive. Many of
the methods currently used for measurement of circulating total IGFs are hampered
by interferences of IGF-binding proteins (IGFBPs) remaining after extraction®. On the
other hand, by extracting IGFBPs the modifying effects of these proteins on IGF-I ac-
tion are ignored. A bioassay for assessing IGF bioactivity should be easily quantifiable,
highly sensitive, and based on a signal specifically transmitted by the IGF-IR®". In 2003,
a Kinase Receptor Activation (KIRA) bioassay was developed by Chen et al. in order to
measure IGF bioactivity at physiological conditions’®. The principle of this assay is based
on quantification of IGF-IR activation after stimulation with serum in vitro?. In this way
bioavailable IGF-I is quantified while taking into account the modifying effects of IGFBPs.
The IGF-IR KIRA assay directly targets the activated IGF-IR, requires only small volumes of
serum, has a short incubation time, is sensitive to the modifying influences of circulating
IGFBPs and IGFBP-proteases, and has an overall precision that is comparable with the
traditional IGF-l immunoassays? 7882,

Insulin immunoassays measure only immunoreactive insulin and by doing so they
ignore at least the potential insulin-like effects of the IGFs in blood. Moreover, insulin
immunoassays do not assess potential biological effects of circulating insulin-like fac-
tors on the IR-A and the IR-B.

First aim of the thesis: To develop a KIRA bioassay specific for the IR-A and IR-B in order to
determine the potential biologic actions of ligands and serum on the IR-A and the IR-B and
to assess the relative contribution of circulating IGFs in this respect. The results of this study
are described in chapter 2.

II. INSULIN ANALOGUES AND THE INSULIN-IGF SYSTEM

The discovery of insulin represented a milestone in clinical medicine. It has saved the lives
of many who would otherwise have died, but its unforeseen effect was to transform an
acute, rapidly fatal iliness into a chronic disease with serious long-term complications®.

In the late eighties of the past century methods were developed that allowed insulin
to be synthesized in the laboratory. These methods have permitted the production of
limitless quantities of human insulin for therapeutic use.
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In the body insulin exists as monomers, dimers and as hexamers (consisting of six
monomers which self associate in conjunction with zinc ions). An adaptation of beta-cell
insulin production is the self association of insulin molecules, at high concentrations, in
conjunction with zinc ions into hexamers®. This process provides efficient spatial stor-
age within the beta-cell vesicles, but dilution upon exocytosis ensures immediate dis-
sociation into dimers (association of two insulin molecules) and finally into monomers.
Monomers are the biological active forms that bind to the IR.

Insulin complexed to zinc ions dissociates only slowly into insulin monomers. There-
fore these preparations are used to maintain basal insulin levels (i.e. levels required in a
fasting state). During a meal more rapid-acting monomeric insulin is needed to provide
meal-related increased insulin requirements.

The first available insulin preparations failed to simulate physiological insulin profiles.
However, through genetic engineering of DNA, the amino acid sequence of natural in-
sulin could be changed in such a way that alterations were made in absorption, distribu-
tion, metabolism and excretion characteristics of this molecule. Interestingly, although
these modified molecules are more commonly referred to as insulin analogues, the U.S.
Food and Drug Administration (FDA) refers to these also as “insulin receptor binding
agonists”®, Two main groups of insulin analogues can be distinguished in 1] short-
acting insulin analogues, genetically engineered in such a way that they dissociate more
rapidly following injection and in 2] long-acting insulin analogues which show a delayed
absorption or a prolonged duration of action (see below).

Binding of insulin analogues to the IR and the IGF-IR

Structural modification of the insulin molecule may result in altered binding affinities
and activities to the IR and/or the IGF-IR. As a consequence insulin analogues may have
an increased/decreased metabolic action and an increased/decreased mitogenic action
than human insulin.

The amino acid residues in the insulin molecule that are essential for binding to the
IR have been identified?®®. Especially modifications at positions in the B26-B30 region i.e.
the C-terminus of the B-chain, do not seem to significantly influence insulin binding to
the IR®”%8 (Figure 4). However, this region is important for at least 2 reasons. First, these
aminoacids are important for insulin dimerisation®®°. Modification of this latter region
reduces the stability of monomer-monomer interactions and this effect has been used
to generate monomeric insulin analogues with only slight changes in affinity for the IR.
Secondly, substitutions of amino acids in the B- chain result in insulin molecules which
show increased structural homology with IGF-l and as a consequence have an increased
affinity for the IGF-IR®#, Proline at position 28 and lysine at position 29 is the natural
sequence which is present in the B- chain of human insulin (Figure 4). The number and
position of basic or acid residues in this region seems very important for IGF-IR bind-
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ing®. Substitution of position B28 with basic residues increases the relative affinity to
the IGF-IR approximately 1.5-2-fold (ArgB28ProB29> OrnB28ProB29=LysB28ProB29)ee.
In contrast, substitution with acidic residues (CyaB28ProB29=GluB28ProB29>AspB2
8ProB29) reduces relative affinity for the IGF-IR approximately 2-fold. Combination of
aspartic acid substitution at B10 with a modification in position B28-29 (e.g. AspB10,
LysB28, ProB29) increases the affinity for the IGF-IR 2-fold. Addition of arginine residues
at position B31-32 (B31B32diArg) increases the affinity for the IGF-IR 10-fold compared
to human insulin, while the same addition in combination with aspartic acid substitu-
tion at B10 increases the affinity to the IGF-IR even 28-fold. In general, analogues with
substantially increased IGF-IR affinity are more potent in stimulating proliferation of
cells. This could be of clinical importance since most primary tumours and malignant
cells show an increased expression of IGF-IRs".

On the other hand, Hansen et al. have shown that an increased mitogenic potency of
insulin analogues may not only be due to an increased affinity for the IGF-IR but may
also result from slow ligand dissociation from the IR%. A slow IR dissociation rate is as-
sociated with a sustained activation of the IR tyrosine kinase and phosphorylation of the
intracellular located Shc protein.

glargine**

A-chain

detemir™*

Glu
lispro

aspart
glullsme

12 13 14 15 16 17 18

Figure 4.

Modifications made on the insulin backbone to produce short-acting insulin analogues are indicated

in black, modifications made to produce long-acting insulin analogues are indicated in grey. For

insulin lispro, proline at the position 28 and lysine at position 29 in the B-chain of human insulin are
interchanged. For insulin aspart, the proline at position 28 in the B-chain is replaced by aspartic acid. For
insulin glulisine, the asparagine at position 3 and lysine at position 29 in the B-chain are replaced by lysine
and glutamic acid. For insulin glargine, aspartic acid at position 21 in the A-chain has been replaced for
glycine and the B-chain contains two extra amino acids (two argenines) at position 31 and 32. For insulin
detemir, threonine at position 30 of the B- chain is removed and a 14-carbon fatty acid chain is added to
position 29 of the B-chain. ** Two changes have been made.
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So, there seem to be at least two mechanisms by which analogues may have an in-
creased mitogenic potency; either through a higher affinity for the IGF-IR and/or by a
slower dissociation after binding to the IR.

The story of the first rapid-acting analogue Insulin X10

The first rapid-acting insulin analogue was developed by replacing a histidine residue
for the negatively charged aspartic acid at position B10 (insulin X10 or B10Asp)®3. The ap-
plied genetic modification led to disrupt the ability of insulin molecules to self-associate
as hexamers. Therefore, after subcutaneous injection of insulin X10, a much higher and
earlier insulin peak was reached. Although clinical results were quite promising® further
development of this analogue was discontinued when a dose-dependent increase in
the occurrence of mammary tumours was observed in female Sprague-Dawley rats that
were treated with supraphysiologic doses of insulin X10%.

Insulin X10 has been shown to induce enhanced mitogenic effects due to the activa-
tion of both the IRs and the IGF-IRs%. In most studies, its binding affinity for the IR has
been found to be 200-400% higher than that of human insulin®. Although it has an
identical “on-rate”, it has a much slower “off-rate” from the IR than human insulin®. In
addition, its affinity for the IGF-IR has been found to be increased compared to human
insulin although fairly lower compared to IGF-1”. Both effects may have resulted in an
increased mitogenicity of this insulin analogue.

Currently Available Insulin analogues

Currently there are three commercially available rapid-acting insulin analogues (insulin
lispro, insulin aspart, insulin glulisine) and two commercially available long-acting insu-
lin analogues (insulin glargine and insulin detemir).

A] Rapid-acting insulin analogues

Insulin lispro (LysB28, ProB290 human insulin) was the first clinically available insulin
analogue (Figure 4). In insulin lispro the natural amino acid sequence of the B chain is
reversed at position 28 and 29. As a consequence there is a lysine at position 28 and
a proline at position 29, like in IGF-I. This amino acid sequence reduces the ability of
insulin to self-associate leading to a significantly higher absorption and elimination rate
than that of human insulin after subcutaneous injection. For insulin aspart (AspB28)
another strategy is used to reduce self-association (Figure 4). Insulin aspart is obtained
by changing proline at position B28 by the negatively charged amino acid aspartic acid.
The pharmacokinetic and pharmacodynamic characteristics of insulin aspart resemble
and are very similar to that of insulin lispro. For both insulin analogues the affinities for
the IR and the IGF-IR have been reported to be similar to that of human insulin®%-%°,
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Insulin glulisine has been developed by substituting aspartic acid at position B3 with
lysine and lysine at position B29 with glutamine (Figure 4). These changes also reduce
the self-association when injected subcutaneously and thereby provide a quick biologi-
cal availability after injection. Insulin glulisine has similar or slightly less binding affinity
for the IR than human insulin. In addition, it has been suggested that IGF-IR binding
affinity is significantly lower than of human insulin'®.

B] Long-acting insulin analogues
Two strategies to protract absorption by genetically modifying the insulin molecule
have been tested clinically™'.

The first principle was to shift the isoelectric point of the molecule towards neutrality
to provide reduced solubility at physiological pH values. This principle has been used
for insulin glargine (GlyA21, ArgB31, ArgB32 human insulin); so it is injected as an acid
solution (pH 4.0) and forms a slowly absorbed precipitate in the neutral environment
of the subcutis. This property means that it cannot be mixed with neutral formulations
of other insulins. Insulin glargine has been produced by substituting asparagine with
glycine in the A chain at position 21 and by adding two arginine residues to the B chain
at position 30 (Figure 4).

In vitro studies using rat fibroblasts showed similar binding characteristics for insulin
glargine and human insulin. The IGF-IR binding affinity in vitro on cardiac myocytes
has been reported to be stronger than that for human insulin®. However, native insulin
glargine and its metabolites M1 and M2 are released from the subcutaneous depot and
M1 has been found to be the most abundant in the circulation and is therefore most
likely to be the biologically active form'2 This ultimately makes it even more difficult to
interpret in vitro results of insulin glargine.

Another strategy to protract absorption has been to acylate fatty acid species to the
insulin molecule to allow reversible aloumin-insulin binding in an attempt to protract
the time action profile while retaining the practical advantages of a neutral liquid
preparation. This strategy has been applied to insulin detemir (LysB29 (N-tetradecanoyl)
des (B30) human insulin). In insulin detemir, the e-amino group on the side-chain of
lysine at position B29 is acylated, while threonine at position B30 is removed (Figure
4). After subcutaneous injection, insulin detemir binds to albumin through this fatty
acid chain®®*°, This binding prolonged half-life in pigs to 14.3 hrs compared with 10.5 h
with neutral protamine Hagedorn (NPH) insulin and reduces the biological availability
of free insulin detemir making it more predictable in terms of the risk for hypoglycaemic
episodes'o 103105,

The affinity of insulin detemir for the IR has been found to be reduced, both in vitro
and in vivo'®, In vivo, 4-fold higher doses were required tot obtain a similar blood glu-
cose lowering effect as observed after regular insulin injections or injections with other
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insulin analogues. Therefore, the commercially available insulin detemir has a 4-fold

concentrated formulation in order to match biological potency of human insulin'®.
Binding affinity of insulin detemir to IGF-IR is as low as its affinity to the IR. The ratio be-

tween IR affinity/IGF-IR affinity is therefore approximately the same as for human insulin®’.

In vitro/ex vivo cell culture systems

Insulin analogues have been tested for their binding affinity to the IR and the IGF-IR,
their metabolic potency, their mitogenic potency and their dissociation rate from the IR.

In vitro, all at present commercially available insulin analogues have lower affinities
for the IR (Table 1). In contrast, insulin X10 has significantly higher affinity for the IR than
human insulin.

All in vitro studies have documented that insulin X10 and the long-acting insulin
analogue insulin glargine have a higher affinity for the IGF-IR than human insulin (Table
2). Affinity for the IGF-IR for all available insulin analogues is significantly lower than that
for IGF-I (Table 2).

Table 1. Binding affinity and off rate of commercially available insulin analogues for the insulin receptor

Analogue Insulin Receptor binding affinity (%) Insulin Receptor off rate (%)
Human insulin 100’ 100% 100% 1008 100% 100’
X10 205! 817% 227/14 1488 2458 14°
Aspart 92! ND ND 67 708 81°
Lispro 842 ND ND 938 91% 100?
Glargine 86' 59% 538 438 848 152!
Glargine M1 ND 48% 42% ND ND ND
Glargine M2 ND 53% 52% ND ND ND
A21Gly 78! ND ND ND ND 162!
B31B32diArg 120 ND ND ND ND 75
Detemir 46° ND ND 44% 3,5% 204
Glulisine ND ND 68’ 66° 948> Comparable to human insulin®
IGF-1 ND 0.8% 0.3% 0.6% <) 54 ND

All values relative to human insulin.

' Data from Kurtzhals et al.?”

2 Data from Slieker et al.®

3 Data from Markussen et al.'*

42 Data from Sommerfeld et al. (IR-A)'¢’
4 Data from Sommerfeld et al. (IR-B)'®”
*> Data from Hansen et al. '"°

6 Data from Hennige et al.'s

’- Data from Stammberger et al.'®

8 Data from Sciacca et al. (IR-A)'%®

8b- Data from Sciacca et al. (IR-B)'8
ND= not determined
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Table 2. Binding affinity of insulin, insulin analogues and IGF-I for the IGF-I receptor

Analogue IGF-1 Receptor binding affinity (%)

Human insulin 100! 100? 100* 100°
X10 587" 2772 364* =250°
Aspart 81" ND ND =100°
Lispro 156’ - 1444 =100°
Glargine 641 4572 ND =~333°
Glargine M1 ND 452 ND ND
Glargine M2 - 682 ND ND
A21Gly 427 ND ND ND
B31B32diArg 2049’ ND 2275* ND
Detemir 16 ND ND =333°
Glulisine ND 68° ND =100°
IGF-1 ND 324722 75428* >44843°

All values relative to human insulin
' Data from Kurtzhals et al.?”

2 Data from Sommerfeld et al.’®”

3 Data from Stammberger et al.'®
“* Data from Slieker et al.®®

5> Data from Sciacca et al.'®®

ND= not determined

Until now insulin X10 is the only insulin analogue which has been shown to be
metabolically more potent in vitro than human insulin (Table 3). All other currently com-
mercially available insulin analogues show equal or less metabolic potency than human
insulin (Table 3).

Both insulin X10, B31B32diArg and insulin glargine have higher mitogenic poten-
cies in vitro than human insulin, while most commercially available insulins show less
mitogenic activity in vitro than human insulin (Table 3). However, in all circumstances
mitogenic potency of insulin analogues was significantly lower than of IGF-I. A recent
paper compared insulin analogues for mitogenic effects (cell proliferation and colony
formation) in engineered cells expressing only one receptor type (IR-A, IR-B or IGF-IR)
in order to analyze the individual contribution of each receptor type'®. They found that
human insulin and short-acting insulin analogues induced significant cell proliferation
in IR expressing cells, whereas both long-acting insulin analogues induced significant
cell proliferation not only in IR expressing cells but also in IGF-IR expressing cells. Inter-
estingly, in terms of colony formation, all insulin analogues (except insulin X10) showed
less mitogenic activity through the IGF-IR than human insulin, while all insulin analogues
(except insulin glargine) had more mitogenic activity through IR-A than human insulin
(Table 4).
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Table 3. In vitro metabolic potency and mitogenic potency of commercially available insulin analogues

Mitogenic Potency

Analogue Metabolic Potency (%) (%)

Human insulin 100’ 100? 100’ 1002 100°
X10 207 1452 975" 8062 340°
Aspart 101" ND 58! ND ND
Lispro 82! ND 66! ND 89°
Glargine 60' 682 783! 7602 ND
Glargine M1 ND BY2 ND 752 ND
Glargine M2 ND 522 ND 682 ND
A21Gly 88! ND 341 ND ND
B31B32diArg 75 ND 2180' ND ND
Detemir 27 ND 1 ND ND
Glulisine ND ND ND ND Comparable to human insulin®
IGF-1 ND 0.022 ND 55682 5700°

All values relative to human insulin
' Data from Kurtzhals et al.#”

2, Data from Sommerfeld et al.'®”

3 Data from Slieker et al.'®®

* Data from Stammberger et al.'®
ND= not determined

Table 4. In vitro anchorage-independent cell growth (in terms of colony formation) in engineered cells
expressing only one receptor type.

Mitogenic potency (%)

Analogue
IR-A IR-B IGF-IR

Human insulin 100 100 100
X10 173 100 118
Aspart 134 100 64
Lispro 112 89 91
Glargine 97 75 91
Detemir 127 94 91
Glulisine 103 94 82
IGF-1 89 8.3 509

All values relative to human insulin
Data from Sciacca et al.'®

As previously discussed, occupancy time at the IR has been correlated with mitogenic
potential. Insulin X10, insulin aspart and B31B32diArg have a lower insulin off-rate than
human insulin, while the other insulin analogues (like insulin glargine) show a higher IR
off-rate (Table 1). Whether the same phenomenon plays a role for the IGF-IR has not yet
been studied and is therefore still unknown.
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There is conflicting evidence as to whether or not the mitogenic effects of insulin and
insulin analogues at high doses are mediated via the IR and/or the IGF-IR. The ratio of
IGF-IRs/ IRs may play a role in the sensitivity of cells to insulin and insulin analogues in
vitro'®, Differences in this ratio between different cell lines may explain at least partly
the observed differences in mitogenic potencies of insulin analogues; for example an
increased potency of insulin glargine is only seen in cells which a relatively high pro-
portion of IGF-IR'° (Table 5). However, also this is not a consistent finding. Staiger et
al. failed to detect any increased mitogenicity of insulin glargine in MC7-cells, despite
the fact that these cells express 4-fold more IGF-IRs compared to IRs'"". They suggested
that a certain ratio of IGF-IRs/IRs is needed before insulin glargine induces a mitogenic
response'’®. On the other hand, as mentioned before, Sciacca et al. compared insulin
analogues for mitogenic effects in engineered cells expressing only one receptor type
(IR-A, IR-B or IGF-IR) and found that mitogenic effects were also induced in cells not
expressing the IGF-IR'.

Furthermore, IR and IGF-IR expression may vary in a tissue-specific manner and inter-
individual differences in the levels of proteins of the IGF-IR system may function as a
critical determinant of the mitogenic potency of insulin analogues''2

Thus the question remains whether all these in vitro observations may have any clini-
cal implications. There are several uncertainties which make it very difficult to answer
the question decisively''®. There seems consensus that insulin and insulin analogues
may have growth promoting activity. Moreover, insulin and insulin analogues have no

Table 5. Receptor expression in experimental cell lines and observed response after stimulation with
insulin glargine'"®

Cell lines !GF-I.receptor/ ) IGF-I rec‘eptor mitogenicity
insulin receptor ratio affinity
SaosB101 Predominantly IGF-I receptor 1 1
HMEC2 Predominantly IGF-I receptor 1 1
Rat-1 over expressing IR3 Predominantly IGF-I receptor ND <
MCF-7 cells 4 4:1 ND <
MCF-104 1:1 ND <
MCF-7-cells5 71 ND <
SKBR-3 cells 5 1:1 ND <

'-Data from Kurzhals et al.®”

2 Data from Kohn et al.'®

3 Data from Berti et al.'”®

4 Data from Staiger et al.'""

* Data from Liefvendahl et al."”

ND= not determined. 1= increased compared to human insulin, <>= no difference with human insulin.
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carcinogenic activity (cell transformation) and are not a co-carcinogen when evalu-
ated in special toxicology'. Although Giorgino et al. found that supraphysiological
overexpression of IRs does favour ligand-dependent cell transformation in vitro, which
underlines the potency of insulin to do so'%, it certainly does not mean that this occurs
in vivo. On the other hand, one should keep in mind that increased mitogenic activ-
ity per se may increase the chances of mutations thereby initiating tumour formation.
However, circulating concentrations of injected insulin analogues are normally quite
low compared to the levels needed to elicit a mitogenic response'".

As previously discussed, it has been suggested that the IR and IGF-IR act at identical
portals to the regulation of gene expression, with differences between insulin and IGF-I
effects due to a modulation of the signal created by the specific ligand-receptor interac-
tions®. As a consequence it is almost impossible in most in vitro cell lines to disentangle
the individual contribution of each type receptor to the final downstream event. In
this respect, Sciacca et al. have made a great effort when they compared analogues for
binding, post-receptor signalling and mitogenic effects in mouse embryonic fibroblasts
expressing only the human IR-A, IR-B or the human IGF-IR™®,

Second aim of the thesis: 1. To compare insulin analogues with human insulin in their po-
tency to activate the human IGF-IR, IR-A and IR-B in vitro by using KIRA bioassays specific
for the human IGF-IR, IR-A and IR-B, respectively. 2. To compare serum IGF-IR bioactivity in
type 2 diabetic patients after long term treatment with either insulin analogues or human
insulin. 3. To compare serum IR-A and IR-B bioactivity in type 2 diabetic patients after long
term treatment with either insulin analogues or human insulin. The results of these studies
are described in chapter 3, 4 and 5.

I1l. ADULT GROWTH HORMONE DEFICIENCY AND THE IGF-SYSTEM

Adult growth hormone deficiency (GHD) comprises patients with adult-onset (AO) GHD
and those with childhood-onset (CO) GHD persisting into adulthood. There are only few
data on incidence rate of GHD. CO GHD has been estimated to occur in 3.3 per 100 000
people per year'* while AO GHD has been estimated to occur in 1.2-1.65 per 100 000
adults a year'"®""7, In about one fourth of the adult patients, GHD is of CO.

Aetiology

CO GHD may be the result of structural pituitary disease (e.g. craniopharyngioma), ge-
netic mutations (Transcription factor defects, GHRH receptor gene defects, GH secreta-
gogue receptor gene defects, GH gene defects, GH receptor/post receptor defects''®'%)
or irradiation but, in contrast to AO GHD, is often a consequence of a partial deficiency



Introduction

of growth hormone releasing hormone. From this latter group, 30-70% establish normal
GH responses upon provocative testing at completion of linear growth''. Therefore it
is essential that provocative GH testing is undertaken when linear growth is complete.
Pituitary adenoma is the most frequent cause of AO GHD followed by craniopharyn-
gioma, which together account for 66% of cases. Table 6 shows a spectrum of causes of
adult GHD based on data derived from KIMS, a multinational, pharmacoepidemiological
surveillance database for adult hypopituitary patients receiving GH replacement’?,

Table 6. Causes of GH deficiency in adult patients.

Diagnosis Percentage
Functioning pituitary adenoma 22%
Non-functioning pituitary adenoma 31%
Craniopharyngeoma 13%
latrogenic 3%
Trauma 2%
Idiopatic 13%
Other 16%

Based on data derived from KIMS'2

Symptoms

Nowadays, GHD is recognized as an important (metabolic) syndrome'3. The main
features of GHD are shown in table 7. They have abnormal body compensation due to
increased fat mass and reduced muscle mass, decreased energy and an impaired quality
of life (QoL)'?*. These symptoms are not pathogenomic and overlap with a wide variety of
other conditions'? % The accuracy of hormonal testing highly depends on the pretest
probability of GHD'** and therefore it is mandatory that it should only be undertaken
against the right clinical background (Table 7).

Diagnosis

GH is considered to be the main regulator of circulating IGF-I*. Circulating total (extract-
able) IGF-1 is therefore routinely used for diagnosing and monitoring treatment of adult
GHD™'?7_ With increasing age, the contribution of GH to circulating total IGF-I levels
appears to diminish, making total IGF-I a less useful diagnostic marker of GHD'?. It has
been proven that the diagnosis of GH disorders cannot solely rely on determination
of total IGF-I. In a substantial fraction of patients diagnosed as GH deficient, total IGF-I
levels remain within the normal range, especially in patients above 40 yr of age'*3°,
Therefore, current diagnostic testing uses provocative tests of GH secretion'*. The
endocrine society guideline recommends the insulin tolerance test (ITT) and the GHRH-
arginine test (unless hypothalamic causes of suspected GHD where GHRH-arginine
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Table 7. Clinical features of GHD in adults.

Background Need for GH treatment as a child

- genetic conditions (PIT-1, PROP-1 mutations)

- structural lesions of hypothalamic-pituitary region
Adults

- With structural lesions of hypothalamic-pituitary region

- Following surgery to the hypothalamic-pituitary region

- Following cranial irradiation

- Evidence of other pituitary hormone deficiencies

- Following moderate to severe traumatic brain injury and subarachnoid haemorrhag

Symptoms Abnormal body composition
Reduced strength and exercise capacity
Impaired psychological well-being

Tests Stimulated GH level below 3 mg/L (after ITT)
Low or low-normal serum IGF-|
Elevated serum lipids, particularly LDL cholesterol
Reduced lean body/increased fat mass
Reduced bone mineral density

Table modified from Carroll et al.'®

may be misleading) to establish the diagnosis of GHD after other hormone deficiencies
have been adequately replaced'?. An increasing number of additional pituitary deficits
increases the probability of GHD''. Therefore, in isolated GHD 2 provocative tests are
recommended for the diagnosis of GHD, whereas patients with multiple deficiencies (2
additional deficiencies or more) together with a low serum IGF-I do not need confirma-
tion by provocative testing. Moreover, in CO GHD due to genetic causes or structural
lesions, a decline in total IGF-I after 1 month off-GH therapy is sufficient documentation
of persistent adult GHD without provocative testing.

As mentioned previously, many of the methods currently used for measurement of
circulating total IGFs are hampered by interferences of IGF-binding proteins (IGFBPs)
remaining after extraction®. On the other hand, by extracting IGFBPs the modifying
effects of these proteins on IGF-I action are ignored. The IGF-IR KIRA assay quantifies
bioavailable IGF-I while taking into account the modifying effects of IGFBPs.

Third aim of the thesis: To investigate the diagnostic value of IGF-IR bioactivity in patients
with proven GHD. The results of this study are discussed in chapter 6.

Treatment (consequences)

Several parameters have been found to be positively affected by GH treatment among
patients with GHD; a reduction in fat mass (and to a lesser extend increase in muscle
mass), an anabolic effect on bone mass, beneficial changes in cardiovascular risk factors
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(increase flow mediated dilatation, reduce arterial stiffness, increase HDL and decrease
LDL and total cholesterol) and QoL'?. Although several studies have shown that adults
with hypopituitarism have increased mortality compared with non hypopituitary popu-
lations adjusted for age and sex, it cannot be concluded that this premature mortality
can be attributed solely to GHD.

During GH therapy, GH dose is titrated against total IGF-I levels and the consensus
guidelines advise that “values should be kept in the age-related normal range”'?*. Thus,
the values of total IGF-I can be normal to begin with and yet that is the goal of therapy'.

Fourth aim of the thesis: 1. To investigate the relationship between IGF-IR bioactivity and
Qol during GH treatment of GH deficient patients. 2. To investigate the value of IGF-IR bioac-
tivity for monitoring GH therapy. The results of these studies are discussed in chapter 7 and 8.

IV. ACROMEGALY AND THE IGF-SYSTEM

Acromegaly is an insidious disease that results from excessive GH secretion. It is a rare
disease which affects probably 86-240 individuals per million of the general popula-
tion'33.

Aetiology

Acromegaly is most often caused by GH-producing tumour of the anterior pituitary
gland. More than 95% of cases occur sporadically due to pituitary adenoma in patients
without genetic traits that are associated with endocrine tumours. Approximately 1%
of cases are caused by familial or inherited endocrine diseases as multiple endocrine
neoplasia type | (MEN-I). GH-secreting pituitary carcinomas are very rare. The remaining
cases of acromegaly are due to GHRH hypersecretion from a site in the hypothalamus or
ectopically that can induce pituitary hyperplasia.

Symptoms

The physical features of a patient with a well-established acromegaly are virtually
pathognomonic for the diagnosis. Almost all patients report acral growth and changes
in facial features, although important but non specific complaints such as headache,
decreased libido, erectile dysfunction, arthritis and fatigue are also prominent. However,
in contrast, early acromegaly may be characterized by nonspecific complaints, such as
increased sweating and mild soft tissue swelling.
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Diagnosis

Acromegaly, like all diseases of insidious onset, requires a high index of clinical suspicion
if it is to be detected early. The diagnosis of acromegaly is composed of three elements;
identification of clinical signs and symptoms, performance of endocrine testing accord-
ing to modern consensus criteria, and neuroradiological grading of the pituitary tumour
using magnetic resonance imaging. Yet, to date, it has not been possible to identify a
reliable sign/symptom (score)/biochemical marker with good test characteristics that
reflects disease activity'.

The best single test for the diagnosis of acromegaly is measurement of serum total IGF-I.
Unlike GH, serum IGF-I concentrations do not vary from hour to hour according to food
intake, exercise or sleep, but instead reflect integrated GH secretion during the preced-
ing day or longer. The results must be interpreted according to the patient’s age.

All patients with acromegaly have increased GH secretion. Unlike normal subjects, the
patient’s serum GH concentrations change little during the day or night, and in most
patients do not change in response to stimuli such as food or exercise. However, the
random serum GH concentration is often in the range of 2 to 10 ng/mL during much
of the day, values that can be found in normal subjects. A random taken GH value is
therefore not very informative.

The oral glucose tolerance test (OGTT) is the most specific dynamic test for establishing
the diagnosis of acromegaly. In normal subjects, serum GH concentrations fall to 1 ng/
mL or less within two hours after ingestion of 75 g glucose. In contrast, the post-glucose
values are greater than 2 ng/mL in over 85 percent of patients with acromegaly'.

Discordance between GH and total IGF-I levels has been noted in active acromegaly
and in those following treatment'**,

In acromegaly, QoL has been reported to be significantly reduced in active untreated
disease™“. QoL in acromegaly can be quantified by using several disease-specific ques-
tionnaires and more general health related questionnaires'.

Fifth aim of the thesis: To investigate the value of circulating IGF-IR bioactivity in the evalu-
ation of patients with untreated acromegaly. The results of these studies are discussed in
chapter 9.

Treatment

When complete surgical removal of GH-secreting tumours is achieved, this results in
improvement of soft tissue changes and hormonal control of acromegaly, with results
varying between 40-98% depending on tumour size™®. Especially in patients with
larger tumours (macroadenomas), less hormonal control is achieved and approximately
40-60% of these patients are unlikely to be controlled with surgery alone'. An option
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for such tumours is medical therapy. Currently, there are three drug classes available for
the treatment of acromegaly: dopamine agonists (DAs), somatostatin receptor ligand
antagonists (SRLs), and a GH receptor antagonist (GHRA). The dopamine agonists have
only little efficacy in acromegaly; monotherapy is effective in less than 10% of patients'e.
In contrast, long-term studies indicate that approximately 70% of patients receiving
SRLs have GH levels below 2.5 ng/ml and normalized IGF-I concentrations'®. GHRAs are
indicated in those patients that have persistently elevated IGF-I concentrations despite
maximal therapy with other SRLs'*. GHRA as monotherapy or in combination with a SRL
induces biochemical in more than 90% of all acromegalic patients's.

V. GRAVES’ OPHTHALMOPATHY AND THE IGF-SYSTEM

Graves' disease (GD) occurs approximately 7-10 fold times more frequent in women
compared to men and usually occurs in patients between 20 and 50 years of age'.The
classical signs and symptoms of GD, include hyperthyroidism, diffuse goitre, ophthal-
mopathy (Graves’ ophthalmopathy (GO)), and rarely, dermopathy.

Aetiology

GD is an autoimmune thyroid disorder in which immunoglobulins are produced that
directly stimulate the TSH-receptor (TSH-R) in the thyroid gland leading to hyperthy-
roidism. In addition to stimulating immunoglobulins directed against the TSH-R, those
blocking the TSH-R have also been detected in patients with hyperthyroidism and a shift
in the balance between these two types of antibodies can result in hypothyroidism oc-
curring in around 15% of patients's.

The TSH-R stimulating immunoglobulins may not only influence thyroid function but
have also been recognized as the target autoantigen that mediates extrathyroidal mani-
festations of GD, in particular GO. Not only is there a close relationship between serum
levels of anti-TSH-R immunoglobulins and GO-activity'**'*, anti-TSH-R immunoglobulin
levels also influence GO prognosis' and these antibodies can be detected in serum of
the vast majority of patients with euthyroid GO''. Moreover, TSH-Rs have been found to
be expressed in (differentiated) orbital fibroblasts and orbital preadipocytes*'*, with
an elevated expression in orbital tissues from patients with GD™>'46,

In thyreotoxicosis, serum total IGF-I levels have been found to be normal to high and
IGF-1 bioactivity to be low'# (it has been suggested that this discrepancy may be
explained by changes in IGFBPs'® ), This may be explained by an increase in the
number and size of spontaneous GH secretory bursts, although the response to GHRH
is attenuated and delayed'” >33, Moreover, thyroid hormones have direct actions
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at the level of the pituitary, both by changing the number of somatotroph cells and
influencing expression of the GH gene'2 In addition, thyroid hormones have shown
to stimulate hepatic GH binding and to potentiate the GH-induced synthesis of IGF-I
MRNA and peptide in the liver. Although elevated serum levels of IGF-I and of IGFBPs
have also been found in patients with hyperthyroidism due to GD, they decreased after
antithyroid (methimazole) treatment’*. In line with these findings it has been reported
that in euthyroid Graves’ patients with active GO, serum IGF-I and IGF-II (including total
and free fractions) and IGFBPs are not increased'*®* compared to healthy controls.

A role for increased IGF (signalling) in the pathogenesis of GO has long been studied.
The fraction of IGF-IR expressing fibroblasts cultured from the orbit, skin and thyroid
of patients with GD has been found to be increased'*'%, Also in retrobulbar tissues
increased IGF-levels have been described™. So, the increased IGF-I levels in retrobulbar
tissues appear to be independent of serum IGFs concentrations and probably represent
an autocrine and/or paracrine activity'.

More than 20 years ago it was reported that immunoglobulins produced in GD had
the ability to immunoprecipitate with the IGF-IR™. In addition, it was found that these
Graves’ immunoglobulins could displace radiolabelled IGF-I from its binding sites on
orbital fibroblasts''. Smith et al. previously reported that Graves’ immunoglobulins
could stimulate the production of the T-cell chemoattractants interleukin (IL)-16, RAN-
TES (regulated upon activation normal T-cell expressed and secreted) and hyaluronan
by orbital fibroblasts retrieved from patients with GD'*® %2, These effects were blocked
by monoclonal antibodies directed against the IGF-IR, suggesting that these actions of
Graves’' immunoglobulins were mediated through pathways independent of the TSH-R.
These findings have raised the hypothesis that in (a subset of) Graves’ patients immu-
noglobulins may stimulate the IGF-IR which may contribute to GO and suggest that the
IGF-IR may be another important aetiologic autoantigen in GO.

Sixth aim of the thesis: To study relationships between TSH binding inhibitory immuno-
globulins (TBII) and serum IGF-IR stimulating activity in relationship to age in patients with
GO. The results of this study are described in chapter 10.

Symptoms and Treatment

Eye signs do not always occur at the same time as hyperthyroidism and goiter'®. Ap-
proximately 25-50% of patients with GD develop GO, whereas 10% of patients with GO
do not develop hyperthyroidism'. The course of GO is biphasic with an initial phase of
active and progressive disease (characterized by orbital and periorbital inflammation
targeting connective tissue and fat which translates into proptosis, conjunctival injec-
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tion, chemosis, diplopia, corneal ulceration and rarely loss of site due to optic nerve
compression), followed by a static phase (with resolution of inflammation associated
with clinical improvement). The activity of GO can be scored by using the clinical activity
score (CAS) based on four of the five well-known classical signs of inflammation (pain,
redness, swelling and impaired function)'®. This score has a predictive value for the
outcome of immunosuppressive therapy (such as corticosteroids or retrobulbar external
irradiation)'®> which are effective in the active phase, while in the static phase surgical
intervention can be performed.
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ABSTRACT

Aims: Only a fraction of circulating insulin-like activity is due to insulin itself. The aim
of this study was to determine total serum insulin-like activity mediated via the insulin
receptor isoform A (IR-A) and isoform B (IR-B) by using Kinase Receptor Activation (KIRA)
assays specific for the IR-A and IR-B.

Methods: The IR-A and IR-B KIRA assays use human embryonic kidney cells which have
been transfected with the human IR-A or IR-B gene and quantify serum-mediated phos-
phorylation of the IR.

Results: Both IR KIRA assays were sensitive (detection limit 32 pmol/L) and precise (intra-
and inter assay CV: <12% and <15%). The EC, s of insulin, IGF-l and IGF-Il were 1.4, 11.2
and 6.7 nmol/L for the IR-A KIRA assay, and 1.3, 31.0 and 15.7 nmol/L for the IR-B KIRA
assay.

The operational range of both assays allowed for determination of total insulin-like
activity in human serum. Analysis of serum samples showed that there was a significant
positive correlation between serum insulin-like and immunoreactive insulin concentra-
tions (IR-A: r=0.56, p= 0.01, IR-B: r=0.68, p=0.001). Importantly, addition of IGF-I or IGF-II
antibodies to human serum samples could substantially decrease the endpoint signal in
both KIRA assays.

Conclusions: We showed that serum IGF-I and IGF-Il may substantially contribute to IR
signalling. Since IR isoform specific KIRA assays also take into account the contribution
of IGFs present in serum on IR signalling, they may help to gain more insight into the
roles of IGF mediated IR-A and IR-B activation in health and disease.
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INTRODUCTION

Early studies have shown that insulin-like mediated effects of serum on target tissues
are much greater in vitro and in vivo than what would be expected on the basis of the
measured immunoreactive insulin concentrations’.
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Insulin elicits its various biological responses by binding to the insulin receptor (IR),
which is then followed by activation of its intrinsic tyrosine kinase? In the human body,

due to alternative splicing of exon 11 of the IR gene, two IR transcripts are generated,
resulting in IR isoform A (IR-A) (lacking exon 11) and in IR isoform B (IR-B) (full length)>.
The relative abundance of mRNAs encoding the IR-A and IR-B isoforms is regulated in a
tissue-specific manner* and also differs by stage of cell development and differentiation.
IR-A is the predominant isoform in foetal tissues and cancer cells, while the IR-B is the
classical receptor for insulin with metabolic effects in muscle, liver and adipose tissues*>.
Although studies have suggested that differences between IR-A and IR-B in terms of
receptor activation and signalling may result in different functions of each IR isoform?, it
appears that most cells have both IR isoforms and that the ratio of the two seems to be
very important®.

IGF-I and IGF-Il primarily activate the IGF-I receptor (IGF-IR), but they can also activate
the IRs®. According to the literature, the IR-B binds insulin with high affinity but the IGFs
poorly, while the IR-A binds insulin and IGF-II with high affinity and IGF-1 with low af-
finity’. In this respect, it is important to underline that although the IGFs have a lower
affinity for the IR than insulin, in vivo circulating total concentrations of IGFs are much
higher than of insulin (picomolar vs. nanomolar range) and that IGF-IR bioactivity (1-2%
of the total IGF concentration) is modulated by the presence of IGF binding proteins
(IGFBPs) and IGFBP proteases®. Nevertheless, insulinimmunoassays measure only immu-
noreactive insulin and by doing so they ignore at least the potential insulin-like effects
of the IGFs in blood. Moreover, insulin immunoassays do not assess potential biological
effects of circulating insulin-like factors on the IR-A and the IR-B.

The aim of this study was to determine the potential biologic actions of serum on
the IR-A and the IR-B and to assess the relative contribution of circulating IGFs in this
respect. For this purpose we used cell-based kinase receptor activation (KIRA) assays,
one specific for the human IR-A and one specific for the human IR-B. Since there are
no specific antibodies for the two isoforms available, specificity was determined not by
isoform-specific antibodies but by transfecting HEK cells with either the IR-A or the IR-B.
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The principle of these two assays is based on quantification of phosphorylated tyro-
sine residues within the IR after in vitro stimulation with serum. The same principle has
been used for IGF-IR KIRA assay specific for the IGF-IR*°

MATERIALS AND METHODS

Peptides

MAI1, a monoclonal antibody directed against the extracellular domain of both human
IRs, was used as capture antibody (Novozymes-Gropep (Aidelade, Australia)). Europium-
labelled PY20 (Eu-PY20); a monoclonal anti-phosphotyrosine antibody was used as
detection antibody (PerkinElmer life sciences (Groningen, Netherlands)). Human insulin
(Actrapid®) was obtained from Novo Nordisk (Bagsvaerd, Denmark), human recombinant
IGF-I from Invitrogen (Breda, Netherlands) and human recombinant IGF-Il was obtained
from Sigma-Aldrich (Zwijndrecht, Netherlands). An IGF-I neutralizing antibody was ob-
tained from R&D Systems Europe Ltd. (Abingdon, UK). Monoclonal IGF-IIl antibody IgG1
m610 was developed in our laboratories'.

Cell line and media

The human embryonic kidney (HEK) cell-line Flip-in™-293 from Invitrogen was trans-
fected with plasmids (pNTK-2) containing a cDNA insert of the human IR-A (pNTK2-IR-A)
or IR-B (pNTK2-IR-B) using Fugene® transfection reagens according to manufacturer’s
protocol. The plasmids were kindly provided by Axel Ullrich (Martinsried, Germany). Af-
ter 48 hours, cells were trypsinized and cultured in Dulbecco’s Modified Eagles Medium
(DMEM: gluc+, L-Glutamin +, Pyr+) from Invitrogen supplemented with 10% foetal bo-
vine serum (FBS) from Invitrogen and geneticin 1000 ug/mL from Invitrogen. Separate
colonies were isolated, expanded and tested for IR expression defined by quantitative
RT-PCR as relative copy number of mRNA (see below) and by immunocytochemistry
(see below). The transfected cells were cultured in 75cm? culture flasks from Corning
(Amsterdam, Netherlands) using DMEM containing 10% FBS, 100 U/mL penicillin, 100
pg/L streptomycin from Invitrogen and 500 pg/mL geneticin.

Quantitative RT-PC

Total RNA was isolated from 10° cells, using a commercially available kit (High pure RNA
isolation kit) from Roche (Almere, Netherlands), according to the recommendation by
the manufacturer. Complementary DNA was synthesized using 500 ng of total RNA
in a Super Reverse Transcriptase (RT) buffer from HT Biotechnology Ltd. (Cambridge,
UK), together with 40 nmol of each deoxynucleotide triphosphate, 15 ng oligo-dT
primer, 20 U RNAse inhibitor, and 4 U AMV Super RT also from HT Biotechnology, in
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a final volume of 40 pl. This mixture was incubated for 1 hour at 40°C and thereafter
diluted 5 times in bidest. A quantitative PCR was performed using the TagMan Gold
nuclease assay from Roche, according to the manufacturer’s protocol. The primer and
probe sequences (Sigma Aldrich (Zwijndrecht, The Nederlands)) were: IR-A forward,
5'-CGTTTGAGGATTACCTGCACAA-3'; IR-A  reverse, 5-GCCAAGGGACCTGCGTTT-3;
and IR-A probe, 5-FAM-TGGTTTTCGTCCCCAGGCCATC-TAMRA-3. IR-B forward,
5'-CCCAGAAAAACCTCTTCAGGC-3’; IR-B reverse, 5-GGACCTGCGTTTCCGAGA-3’; and
IR-B probe, 5-FAM-CTGGTGCCGAGGACCCTAGGCC-TAMRA-3" IGF-II Receptor forward,
5'-ACCGACCCCTCCACGC-3’; IGF-Il Receptor reverse, 5-CCTCCAAGGCCACCTTCAG-3’;
and IGF-Il Receptor probe, 5-FAM-AGCAGTACGACCTCTCCAGTCTGGCAAA-TAMRA-3'
Samples were normalized against the expression of the housekeeping gene hypo-
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xanthine-phospho-ribosyl-transferase (HPRT). Dilution curves were constructed for
calculating the PCR efficiency for every primer set'% PCR efficiencies were: HPRT= 1.98,
IR-A= 1.89, IR-B= 1.92, IGF-Il Receptor= 1.87. The primer and probe sequences for IGF-,
IGF-1I and for the IGF-IR have been previously described' 4. The relative expression of
genes were calculated using the comparative threshold method, 2-ACt", after efficiency
correction’® of target and reference transcripts.

Total human IR sandwich ELISA
HEK IR-A and HEK IR-B cells were plated into a 6 well culture plate (Corning, NY, USA),
300000 cells/well in 2mL of culture medium at 37°C and 5% CO.,. After 72 hours medium
was removed and replaced with 2mL DMEM containing 0.1% HSA, 100 U/mL penicillin
and 100 pg/L streptomycin and 500 pg/mL geneticin. The next day, a total IR sandwich
ELISA was performed according to manufactures protocol (Human total Insulin R, R&D
Systems Europe Ltd., Abingdon, UK). Quantification of protein concentration was per-
formed by using

Nanodrop Nanodrop ND-1000 (Thermo Scientific). For the HEK IR-A 200 pg of lysate
was used to perform the ELISA, compared to 100ug for the HEK IR-B.

Immunocytochemistry

HEK IR-A and HEK IR-B cells were cultured on chamber slides from Invitrogen (Breda,
Netherlands) for two days (20.000 cells/ chamber) in DMEM containing 10% FBS, 100 U/
mL penicillin, 100 pg/L streptomycin and 500 pg/mL geneticin. Prior to immunostaining,
cells were fixed with 4% paraformaldehyde and 0.2% picric acid in phosphate buffer, pH
6.9 for 40 min at room temperature. After washing with Tris/HCI/ Tween 0.5%, fixation of
cells was finalized by incubating them with 50% methanol (3 min at room temperature)
and 100% methanol (3 min at room temperature). Fixed cells were washed again with
Tris/HCI/ Tween 0.5% followed by washing with PBS. Subsequently they were incubated
with H,O, (30%) (15 min at room temperature) to quench endogenous peroxidase and
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were washed with Tris/HCIl/ Tween 0.5% thereafter. Fixed cells were then incubated with
the following primary antibodies for 1 hr at room temperature: anti-IR (Enzo Life Sci-
ences, Antwerp, Belgium; mouse monoclonal, 1:25) and anti-IGF-IR (Novus Biologicals,
Cambridge, United Kingdom; mouse monoclonal, 1:500). After incubation, cells were
washed and two drops of HRP-Rabbit/Mouse from Dako (Heverlee, Belgium) were added
to chamber slides and incubated for 30 min. Bound antibodies were visualized with
freshly prepared 100 pl of DAB from Dako (Heverlee, Belgium) twice for 5 min at room
temperature, in the dark. Staining was then stopped by rinsing with water. Slides were
counterstained with haematoxylin and eosin and coverslipped. For negative controls,
the primary antibody was omitted.

Buffers

Preparation of the antibody coating buffer (ACB), blocking buffer and lysis buffer has
been previously described'. Standards and serum samples were diluted in Krebs Ringer
bicarbonate (KRB) buffer that was adjusted to pH 7.4 by CO, and supplemented with 0.5%
and 0.1% respectively (wt/vol), Human Serum Albumin (HSA), (Octalbine®) (Octopharma
(Lachen, Switzerland)). EU-PY20 was diluted in a commercial assay buffer obtained from
PerkinElmer Life Sciences as was the washing solution and the enhancement solution.

IR KIRA assay procedure

On day 1, cells were plated into a 48 well culture plate (Corning, NY, USA), 200000 cells/
well in 500ul culture medium for 24 hours at 37°C and 5% CO.,.

On day 2, medium was removed and replaced with 500 ul DMEM containing 0.1%
HSA, 100 U/mL penicillin and 100 pg/L streptomycin and 500 pg/mL geneticin. In ad-
dition, a 96-well microtiter test plate from Biozym (Landgraaf, Netherlands) was coated
with MAI-1 diluted in ACB in the indicated concentrations and incubated overnight at
4°C. On day 3 the MAI-1 solution was replaced with 300 ul blocking buffer containing 1%
HSA. The plate was incubated for 3 hours at RT.

Transfected HEK IR cells were stimulated for the times indicated with either serial dilu-
tions of insulin, IGF-I or IGF-Il or human serum diluted in KRB containing 0.5% or 0.1%
HSA at 37° C as indicated. After stimulation, supernatant was removed and 250 ul lysis
buffer was added to each well. The plate was incubated for 1 hour on a plate shaker at 4
° C. Crude cell lysate (150 ul per well) was transferred to the blocked antibody plate and
incubated overnight at 4 © C on a plate shaker.

On day 4, wells were washed 3 times with 250 ul wash buffer and 150 ul of EU-PY20 di-
luted in assay buffer was added in the indicated concentrations. Samples were incubated
for 2 hours at RT on a plate shaker. Wells were washed 6 times with 250 pl of wash buffer
after which 150 ul of enhancement solution was added. The samples were incubated for
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20 minutes at room temperature and were read in a time-resolved fluorometer (Victor?
multilabel counter) from PerkinElmer Life Sciences.

By performing the IR KIRA assay procedure as described above, optimal assay condi-
tions were found. MAI1 dilutions were tested at 0.5, 2.5 and 5.0 ug/mL in combination
with EU-PY20 dilutions at 1.25ug/mL and 2.5 ug/mL. In both assays maximal S/N was
reached at a concentration of 2.5 pg/mL of MAI-1 and at 1.25 pg/mL of EU-PY20 (data
not shown); remaining experiments were performed at these concentrations. Sample
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incubation times tested were 5, 10, 15, 20 and 30 minutes. Maximal S/N was reached
after 10 minutes of stimulation with insulin (data not shown) and so 10 minutes was
chosen as stimulation time for the remaining experiments. Sensitivity and specificity
were tested using dose titration curves of insulin, IGF-I and IGF-II, respectively. For both
IR KIRA assays the detection limit for insulin was found to be 32 pmol/L (determined
by repeated measurements of a blank sample and reported as the mean plus 3 SD of
the blank). The intra-assay CVs of both IR KIRA assays were <12% and the inter-assay
CVs were <15%, respectively, for the samples analyzed in duplicates (5 repetitions on 5
different days).

Previously it has been described that serum needs to be diluted to perform a KIRA assay,
since cells become repressed at high serum concentrations'. In addition, by using the
KIRA assay specific for the IGF-IR, it has previously been shown that the endpoint signal
was relatively independent of serial dilutions of serum samples up to 20-fold'. This
phenomenon has been explained by the buffering capacity of IGFBPs, which liberate
IGFs during serum dilution to maintain equilibrium. Due to this phenomenon, for the
IGF-IR specific KIRA assay, bioactivity of serum samples is measured in samples that have
been diluted 10-fold.

Therefore, to test whether a similar phenomenon of liberation of IGFs could be detected
in the IR KIRA assays, we compared the endpoint signals induced by 4-, 8-, 16-, and 32
fold diluted serum. Subsequently we determined the relative contribution of the IGFs
to the endpoint signal by coincubating 2- and 20-fold diluted serum samples from 2
healthy subjects with IGF-I and IGF-Il neutralizing antibodies. First we tested at known
concentrations of IGF-I or IGF-Il in KRB 0.5% HSA, which concentrations of specific IGF-I-
and IGF-II neutralizing antibodies reduced the IR-A KIRA assay signal >90% (neutraliza-
tion dose 90 (ND90)). The neutralizing antibodies were then pre-incubated (at these
ND90 concentrations) with 2- or 20- fold diluted sera at 37°C for 1 hour (ND90; 65 nmol/L
neutralizing IGF-I antibody; 40 nmol/L IGF-II neutralizing antibody). After incubation,
the protocol was followed as described above.
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Serum IR bioactivity (10-fold diluted) was compared to immunoreactive insulin concen-
trations as measured by a solid-phase, enzyme-labelled chemiluminescent immuno-
metric assay (Immulite 2000, Siemens Medical Solutions).

All serum samples were collected in accordance with the Declaration of Helsinki. All
subjects provided written informed consent.

Statistical analysis

Data were analysed using GraphPad software (Prism 5, London, United Kingdom). Sta-
tistical analysis was performed using the One-Way ANOVA or Two-way ANOVA repeated
measures followed by Newman-Keuls Multiple Comparison Test or Bonferroni post tests,
respectively. Means + SEM or 95% Cl and signal-to-noise ratios of bioactivity measure-
ments are presented. Noise was defined as the signal after stimulation with vehicle.
Accordingly, the Signal-to-Noise ratios (S/N) were calculated by using the following
formula: absolute counts after stimulation with a ligand/ absolute vehicle counts. The
CVs were calculated by using the formula: (SD/mean) x 100%. A p-value of (P<0.05) was
considered statistically significant.

RESULTS

Cell-lines

Before transfection, endogenous relative mRNA expression levels of IR-A, IR-B and IGF-
IR (normalized against HPRT) in the non-transfected HEK cells were 0.056, 0.005 and
0.046, respectively. After transfection, the IR-A mRNA expression level in HEK IR-A cells
was 2.82, while IR-B mRNA expression level in the HEK IR-B cells was 6.96. IR protein
content determined by ELISA was 90 pg/100ug protein in the HEK IR-A cells compared
to 450 pg/100 pg protein in the HEK IR-B cells. Immunocytochemical staining showed
that both the HEK IR-A and HEK IR-B cells contained IRs and IGF-IRs (Figure 1). The mRNA
expression levels of IGF-IIR, IGF-I, and IGF-II after transfection were respectively 0.044,
undetectable, and 0.003 in the HEK IR-A cells and 0.049, undetectable, and 0.014 in the
HEK IR-B cells. These expression ratios remained stable over at least 20 cell passages
(data not shown).

Specificity

In the IR-A KIRA assay the EC, for insulin was significantly lower than for IGF-I and
IGF-1I (1.4 nmol/L [1.3-1.7] (mean [95% Cl]) vs. 11.2 nmol/L [8.6-14.8] and 6.7 [3.5-12.5],
p<0.001, respectively) (Figure 2). The EC, for IGF-Il was significantly lower than for IGF-I
(p=0.02) (Figure 2A). Also in the IR-B KIRA assay the EC, for insulin was significantly
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Figure 1.

Immunocytochemical staining of the IR and IGF-IR on HEK IR-A (left) and HEK IR-B (right) cells (400x).
Cells were cultured on chamber slides for two days after which the immunostaining was performed. (A)
negative control, (B) IR, (C) IGF-IR.

lower than for IGF-I and IGF-II (1.3 nmol/L [1.1-1.6] vs. 31.0 nmol/L [29.2-32.8] and 15.7
[12.9-19.1], p<0.001, respectively) and the EC, for IGF-Il was significantly lower than for
IGF-1 (p<0.001) (Figure 2B).

Contribution of IGFs to IR signalling

To test whether the endpoint signal was relatively independent of serial dilutions of
serum samples, serum samples from two healthy subjects were serially diluted (1:4, 1:8,
1:16 and 1:32). Analysis of these serial dilutions showed that, as in the IGF-IR specific
KIRA assay, the signal in both IR KIRA assays was relatively independent of serum dilu-
tion. For the IR-A KIRA assay, when a serum sample was diluted 16 fold it induced a
significant lower signal than when it was diluted 4 fold (Figure 3 left panel). For the
IR-B KIRA assay, when a serum sample was diluted 32 fold it induced a significant lower
signal than when it was diluted 4 fold (Figure 3 right panel). To test whether indeed IGFs
contribute substantially to the endpoint signal of both IR KIRA assays, we coincubated
2-fold and 20-fold diluted serum samples from two healthy subjects with IGF-1 and IGF-II
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Figure 2.

Specificity of the IR-A (A) and IR-B (B) KIRA assays. Protocol was followed as described in Methods. Plates
were coated with 2.5ug/mL of capture antibody (MAI1) and 1.25ug/mL of detection antibody (EU-PY20)
was used. Cells were stimulated with a dose titration curve of insulin (solid line), IGF-I (dashed line,
squares) or IGF-Il (dashed line, triangles) for 10 minutes. Data are presented as mean (+SEM) KIRA assay
signal of three independent experiments. Stimulation with 100 nmol/L of insulin was arbitrarily set at
100%.

*** P<0.001 for significant difference between insulin vs. IGF-l and IGF-II. « P<0.05 for significant difference
between IGF-1 vs. IGF-II. <« P<0.001 for significant difference between IGF-l and IGF-II.
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Effects of serum dilution on the IR-A (A) and IR-B (B) KIRA assay signal. Protocol was followed as described
in Methods. Cells were stimulated with insulin (range 63-500 pmol/L) (black line) or with serum samples
from two healthy subjects (control 1 triangles, control 2 squares) that were diluted 1:4, 1:8, 1:16 and 1:32.
Data are shown as mean (+SEM) IR bioactivity (expressed as Signal-to-Noise ratio) from three independent
experiments. * P<0.05, ** P<0.01 for significant decrease in Signal-to-Noise ratio.
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neutralizing antibodies. First the IR-A KIRA assay was used to test the specificities of the
blocking antibodies that were used in the neutralizing experiments. Adding a constant
amount of an IGF-I antibody (65 nmol/L) to a dilution of IGF-I blocked the endpoint
signal with >90% (Figure 4A) whereas the endpoint signal produced by IGF-Il or insulin
was not influenced (data not shown). Adding a constant amount of an IGF-Il neutral-
izing antibody (40 nmol/L) to a dilution of IGF-II blocked the endpoint signal with >90%
(Figure 4B) whereas the endpoint signal produced by IGF-I or insulin was not influenced
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by co-incubation with an IGF-Il antibody (data not shown).
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Figure 4.

Testing ND90 (dose at which the endpoint KIRA assay signal is 90% reduced) of IGF-I- and IGF-II
neutralizing antibodies in the IR-A KIRA assay. Samples with IGF-I or IGF-II (range from 0.1-10nM) were
preincubated with a constant concentration of neutralizing antibodies at 37° for 1 hr. After incubation,
protocol was followed as described in Methods.

(A.) IR-A KIRA assay signal without (black bars) and with (white bars) addition of 65 nmol/L of an IGF-I
neutralizing antibody to a standard curve of IGF-I. (B.) IR-A KIRA assay signal without (black bars) and with
(white bars) addition of 40nmol/L of an IGF-Il neutralizing antibody to a standard curve of IGF-Il. Data are
presented as mean (+SD) IR bioactivity (expressed as Signal-to-Noise-Ratio) of two experiments.

Signal reduction by the neutralizing antibodies directed to IGF-I or IGF-Il in serum
varied between the two subjects (Figure 5). In control 1, coincubation with an IGF-I or
IGF-1l antibody in 2-fold diluted serum did not reduce the endpoint signal in both assays.
However, in 20-fold diluted serum addition of the IGF-I antibody reduced the endpoint
signal with 38 % in the IR-A KIRA assay and with 26% in the IR-B KIRA assay. Also addition
of the IGF-Il neutralizing antibody reduced the signal in both assays with 41% and with
40% respectively. In control 2, coincubation of 2-fold diluted serum with an IGF-I or IGF-II
antibody also did not reduce the endpoint signal in both assays. However, coincubation
of 20-fold diluted serum with an IGF-I antibody reduced the signal with 73 % in the IR-A
KIRA assay compared to 20% in the IR-B KIRA assay. Coincubation of an IGF-Il antibody
reduced the signal in both assays with 27% and 22 % respectively.
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Figure 5.

Contribution of IGF-l and IGF-Il in serum samples to the endpoint signal of the IR-A (A) and IR-B (B) KIRA
assay. Serum samples from two healthy subjects were diluted 2 fold (black bars) and 20 fold (white bars)
and preincubated at 37°C for 1 hr with an IGF-I neutralizing antibody (65 nmol/L) or with an IGF-II (40
nmol/L) neutralizing antibody. After incubation, protocol was followed as described in Methods. For
both controls immunoreactive insulin, IGF-I, IGF-II, IGFBP-1 and IGFBP-3 concentrations were measured
and were 14 pmol/L, 37 nmol/L, 69 nmol/L, 3.6 nmol/L and 174 nmol/L, respectively for control 1 and 46
pmol/L, 24 nmol, 73 nmol/L, 1.1 nmol/L and 205 nmol/L, respectively for control 2. Data are shown as
mean (+SD) percentage reduction in endpoint signal. 100% is the endpoint signal measured in serum
without adding neutralizing antibodies. * significant change compared to control (P<0.05). ** significant
change compared to control (P<0.01)

Serum IR bioactivity was higher than its immunoreactive insulin content. Analysis of
20 serum samples (10-fold diluted) showed that there was a clear correlation between
serum IR bioactivity and immunoreactive insulin concentrations (Figure 6).
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Figure 6.

A. Relationships between immunoreactive insulin concentrations, IR-A bioactivity (black dots) and IR-B
bioactivity (open dots) measured in 20 serum samples collected in fasting state.

B. Relationships between immunoreactive IGF-I concentrations, IR-A bioactivity (black dots) and IR-B
bioactivity (open dots) measured in 20 serum samples collected in fasting state.

Serum samples were diluted 10 fold before IR bioactivity was measured.

DISCUSSION

Here we show that IGF-l and IGF-Il present in human serum may contribute substantially
to IR-A and IR-B signalling in vitro. Sample dilution in a KIRA assay has been described
to be necessary because cells become repressed at high serum concentrations. Pre-
viously it has been shown that in the KIRA assay specific for the IGF-IR the endpoint
signal is relatively independent of serum dilution'®. This phenomenon has not only been
described for free IGF-I but also for free thyroid hormones™. In the case of IGFs this has
been attributed to the liberation of IGFs from IGFBPs during dilution to maintain equilib-
rium. We determined whether the same phenomenon was present in the IR KIRA assays.
Also in the IR KIRA assays the endpoint signal was relatively independent of serum
dilution as long as the serum dilutions were kept below 1:16. Although there may be
several reasons for different kinetics by either insulin or serum (e.g. including different
ligand-receptor affinity, binding proteins, non-specific serum protein interference), the
non-parallelism could also indicate that circulating IGFs substantially contribute to the
endpoint signal in both IR KIRA assays. The latter was supported by the finding that,
in both IR KIRA assays, IGF-I and IGF-Il antibodies could partially reduce the endpoint
signal.

When antibodies directed against IGF-l and IGF-Il were added to 20-fold diluted serum
samples, as discussed above, only part of the IR-A or IR-B bioactivity was neutralized.
However, when these specific antibodies were added to “pure” samples containing IGF-I
or IGF-II, IR-A or IR-B activation could almost completely neutralized by these antibodies.
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The only partial effect of the neutralizing antibodies in 20-fold diluted serum may be
explained as follows; Since up to 90% of the circulating IGFs are normally contained in
heterotrimeric complexes with the acid-labile subunit and IGFBP-3 or IGFBP-5'¢, the ef-
fect of these neutralizing antibodies in serum could be decreased (or even absent) if the
IGFs are sequestered by the IGFBPs in these complexes. This suggests that, in contrast
to “pure” samples of the IGFs, the interactions and competition between insulins, IGFs,
IGFBPs in serum at the level of the IRs are very intricate. In order to explain the substan-
tial contributions of serum IGFs to IR signalling we would like to provide the reader a
mathematical example. Under healthy circumstances, fasting insulin levels are around
50 pmol/L. Giving an individual with a concentration of total IGF-I of around 20 nmol/L
and an IGF-Il concentration of around 80 nmol/L, there will be around 2000 pmol/L of
free IGFs (free IGFs are around 2% of the total IGF concentration®. Although the affinity
of insulin for the IRs is 10-100x fold higher than of IGF-I and IGF-Il, the free concentra-
tion of IGFs, in this example, is about 40-fold compared to insulin. Since the biological
response of a target cell is not only determined by the affinity for the IR, but also by the
concentrations of insulin and IGFs, this example illustrates that it may not be surprising
that IGFs may substantially contribute to the total IR receptor bioactivity. More than fifty
years ago it was already found that serum contained a higher amount of total insulin-
like bioactivity than immunoreactive insulin™ and that anti-insulin antibodies could
only block a small portion of the total insulin bioactivity of serum?. However, due to the
highly variable results of bioassays, they were replaced by insulin radioimmunoassays
(RAI) in the sixties™. Although the RIA for insulin has greatly increased knowledge of the
physiology of glucose homeostatasis and of the diverse causes of diabetes mellitus it
neglects the potential contributions of IGFs to insulin-like signalling?'.

Over time several attempts have been made to introduce new bioassays to measure
insulin-like activity but so far they have not been able to determine human serum bio-
activity on human cells with high sensitivity and low intra- and interassay variability.
The two IR KIRA assays that were used in this study both show a reasonably sensitivity
and for bioassays an exceptionally low intra- and inter-assay CVs. In line with previous
studies, the EC_ of IGF-I was higher than IGF-Il in both the IR-A and IR-B KIRA assay”?. In
addition, since they are specific for either the human IR-A or human IR-B, it is possible to
distinguish the potential insulin-like mediated effects of serum on both IR isoforms. The
latter may help to gain more insight into the functional roles of the two IR isoforms that,
in recent years, have attracted renewed interest due to the finding that the IR isoform A
besides binding to insulin also binds IGF-Il with high affinity?. So, the two IR KIRA assays
may be useful tools to disentangle the relative contribution of the IGFs present in serum
on IR specific signalling. Nevertheless the authors would like to emphasize that also with
the IR KIRA assays true quantification of the specific and relative contribution of IGFs to
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overall IR activity remains difficult and one should be cautious with potential clinical
applications and results should be interpreted with care.

Although the operational range of the assays allows to quantify the overall effect of
total insulin-like factors in serum, it should be acknowledged that KIRA assays (as for
all in-vitro systems) do not mimic the exact in vivo situation. KIRA assays only provide a
crude, albeit convenient, measure of IR activation. The contribution of various circulat-
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ing peptides in activating the IRs in vivo depends not only on their concentrations and
bioavailability, but also on the relative and absolute concentrations of the two IR present

on various target tissues. In most tissues and cells where significant levels of both IRs
and IGF-IRs are present, hybrids may be formed. These hybrids are heterodimeric recep-
tors consisting of an IR alpha/beta monomer and an IGF-IR alpha/beta monomer linked
by disulfide bonds. Such hybrids are probably formed during normal post- translational
processing of both receptors* and are widely expressed in normal tissues and often ab-
errantly expressed in cancer cells®. Since both IR isoforms and IGF-IRs are endogenously
expressed in our cell lines, at least three hybrids may be formed: IR-A/IR-B, IR-A/IGF-IR
and IR-B/IGF-IR which could influence our findings. However, our cell lines have very
low endogenous levels of both IR-isoforms and the IGF-IRs compared to the transfected
IR-isoform. The endogenous IRs and IGF-IRs are most probably out-competed in our IR
KIRA assays following the high expression levels of the exogenous IRs achieved by trans-
fection. In addition, although the precise biological role of the hybrids is still unclear,
functional studies have demonstrated that IR/IGF-IR hybrids behave more like IGF-IRs
than IRs3. So, although hybrid receptors may well play an important role in vivo, their
relative contribution to the endpoint signal of both KIRA assays is assumed to be low but
cannot be completely excluded.

Moreover, the IRs have up to 6 key tyrosine residues and the antibody used in our
study to detect the tyrosine residues may not necessarily recognize all residues with
the same affinity. As the distinct roles of the different tyrosine residues remain to be
clarified, this aspect may be of importance.

In conclusion, serum IGF-l and IGF-Il may substantially contribute to IR signalling. Since
IR isoform specific KIRA assays, in sharp contrast to insulin immunoassays, take into ac-
count the contribution of the IGFs on IR signalling they may help to gain more insight
into the roles of IGF mediated IR-A and IR-B activation in health and disease.
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ABSTRACT

Aims: To investigate whether human insulin and insulin analogues differ in their ability
to activate the human IGF-I receptor (IGF-IR), the human insulin receptor A (IR-A) and the
human insulin receptor B (IR-B) in vitro.

Methods:Human insulin, short-acting insulin analogues (insulin aspart; insulin lispro) and
long-acting insulin analogues (insulin glargine; insulin detemir) were compared by using
kinase receptor activation (KIRA) bioassays specific for IGF-IR, IR-A or IR-B, respectively.
These assays quantify ligand activity by measuring receptor auto-phosphorylation upon
ligand binding. Human and insulin analogues were tested in a range from 0.1-100nM.

Results: Short-acting analogues: Overall, short-acting insulin analogues did not differ
substantially from human insulin, nor from each other. Insulin lispro was slightly more
potent than human insulin and insulin aspart in activating the IGF-IR, only reaching
statistical significance at 100nM (p<0.01).

Long-acting analogues: At <10nM insulin glargine was as potent as human insulin in
activating the IRs and IGF-IR. At 10-100nM insulin glargine was significantly more potent
than human insulin in activating the IR-B (p<0.05) and IGF-IR (p<0.001). Insulin glargine
was more potent than insulin detemir in activating all three receptors (p<0.001). Insulin
detemir was less potent than human insulin in activating the IRs at 1-10nM (p<0.01) and
IGF-IR at >1nM (p<0.05).

Conclusions: Insulin glargine was more potent in activating the IGF-IR than human in-
sulin and insulin detemir. Since KIRA bioassays do not mimic the exact in vivo situation,
further research is needed to find out whether our data have implications for clinical use
of insulin glargine.



Insulin glargine and activation of the IGF-I receptor

INTRODUCTION

The insulin receptor (IR) is a transmembrane receptor tyrosine kinase and exists in two
isoforms: isoform A (IR-A) and isoform B (IR-B). The IR-A is expressed ubiquitously but is
predominantly expressed in central nervous system, haematopoietic cells and in cancer
tissues'. The IR-B is expressed predominantly in the liver, but is also substantially ex-
pressed in muscle and adipose tissue, the major target tissues for the metabolic effects
of insulin™. Both IR isoforms show great homology with the IGF- | Receptor (IGF-IR)*®.
The IGF-IR is found in most tissues and brings about mitogenic, pro-invasive and anti-
apoptotic effects’.

Insulin can not only stimulate the IR-B, but also the IR-A and IGF-IR* Subtle modifica-
tions of the insulin structure made to engineer insulin analogues, may affect receptor
specificity signalling and thereby result in abnormal metabolic:mitogenic ratios, e.g. an
increased activation of the IGF-IR may inhibit apoptosis and promote cancer by increas-
ing cell proliferation®. Recently a possible relationship between insulin analogues, in
particular insulin glargine, and risk of cancer was raised by epidemiological studies® .
However, the results of these studies were found to be inconsistent'''2 Although, based
on the current evidence, short-acting insulin analogues do not seem to bring additive
risks in this respect, further evaluation of especially insulin glargine is required'2

Kinase Receptor Activation (KIRA) bioassays make use of cell lines stably transfected
with receptors and quantify ligand bioactivity by measuring ligand-induced receptor
tyrosine kinase activation in terms of receptor-phosphorylation'. In our laboratory we
have running KIRA bioassays specific for the human IGF-IR™, human IR-A or human IR-B,
respectively. This gives us the possibility to compare bioactivity of insulin analogues
with respect to their ability to activate the IGF-IR, IR-A and IR-B.

In the present study we investigated whether (short- and long-acting) insulin ana-
logues differ from human insulin in their bioactivity.

MATERIALS AND METHODS

Materials

The human embryonic kidney cell-line (HEK) Flip-in™-293 was obtained from Invitrogen
life technologies (Breda, The Netherlands). Plasmids (pNTK-2) containing a cDNA insert
of the human IR-B (pNTK2-IR-B) or IR-A (pNTK2-IR-A) were kindly provided by Axel Ullrich
(Martinsried, Germany). The HEK IGF-IR cell-line was a kind gift from P. de Meyts (Gen-
tofte, Denmark).

Dulbecco’'s Modified Eagles Medium (DMEM: gluc+, L-Glutamin +, Pyr+), Penicillin/
Streptovidin, Hygromycine, Geneticin, Fugene® transfection reagens and FBS were
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obtained from Invitrogen life technologies (Breda, The Netherlands). Human Serum
Albumin (HSA), (Octalbine®) was obtained from Octopharma (Lachen, Switzerland).
Culture plates (flat-bottomed 48 wells) were obtained from Corning Costar (Schiphol,
The Netherlands). Microtiter 96-wells plates were purchased from Biozym (Landgraaf,
The Netherlands).

Antibody coating buffer (ACB) contained 15 mM sodiumcarbonate and 35 mM
sodium hydrogen carbonate (pH 9.6). Blocking solution contained 40 mM phosphate,
0.05% (wt/vol) NaN,, 0.6% (wt/vol) NaCl, 0.2% (wt/vol) Titriplex V (EDTA), and 1% (wt/
vol) HSA (pH 8.0). Krebs Ringer bicarbonate (KRB) buffer was adjusted to pH 7.4 by CO,
and supplemented with 0.1% (wt/vol) HSA. Lysis buffer contained 50mM HEPES, 137mM
NacCl, 10mM NaP,0., 10mM NaF, 0.TmM MgCl,.6H,0, 0.TmM CaCl,.2H,0, 1% NP-40, 10%
(vol/vol) Glycerol (pH 7.4) (before use, 1 tablet of EDTA free protease inhibitor and 0.5ml
200mM sodium orthovanadate 14H,0 was added to 50mL of lysis buffer).

MAI1 and MAD1, monoclonal antibodies directed against the extracellular domain of
the human IR and human IGF-IR respectively, were obtained from Novozymes-Gropep
(Adelaide, Australia). Europium-labelled PY20 (Eu-PY20); a monoclonal anti- phospho-
tyrosine antibody was obtained from Perkin Elmer- life sciences (Groningen, The Neth-
erlands). DELFIA assay reagents (assay buffer, wash buffer and enhancement solution)
and a time-resolved fluorometer (Victor? multilabel counter) were also purchased from
Perkin Elmer- life sciences.

Human insulin (Actrapid®), insulin aspart (Novorapid®) and insulin detemir (Levemir®)
were obtained from Novo Nordisk (Bagsvaerd, Denmark). Insulin lispro (Humalog®)
was obtained from Eli Lilly (Houten, The Netherlands). Insulin glargine (Lantus ©) was
obtained from Sanofi- aventis (Frankfurt am Main, Germany). Human recombinant IGF-I
was obtained from Invitrogen (Breda, The Netherlands).

Methods

Insulin analogues were compared to human insulin by using in-house KIRA bioassays
specific for IGF-IR, IR-A or the IR-B. The IGF-IR KIRA assays has been previously described'
and the IR-A and IR-B specific bioassays have recently been developed based on this
same principle (article in preparation). All three assays use human embryonic renal cells
stably transfected with either cDNA of the human IR-A or human IR-B gene (HEK IR-A or
IR-B) or with cDNA of the human IGF-IR gene (HEK IGF-IR).

After 48 hours of culture, HEK IR-A and HEK IR-B cells were stimulated for 10 minutes
at 37°C with an equimolar dose titration ranging from 0.1-100nM of insulin analogues or
human insulin, respectively. HEK IGF-IR cells were stimulated for 15 minutes at 37°C with
an equimolar dose titration ranging from 0.1-100nM of insulin analogues, human insulin
or human recombinant IGF-I.
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After stimulation cells were lysed. Crude lysates were transferred to a sandwich as-
say. Capture antibodies MAI1T and MAD1 were used in a concentration of 2.5pug/mL
and 5.0ug/mL respectively. Eu-PY20 was used as tracer antibody in a concentration of
1.25pug/mL. Contents were read in a time-resolved fluorometer. Assays were performed
in 48 well plates.

A control dose-titration-curve of human insulin or human recombinant IGF-l was
implemented on all plates to ensure assay performance. The maximal inter-assay CVs for
the IGF-IR, IR-A and IR-B KIRA were 11.2%, 14.7% and 11.3% respectively. The maximal
intra-assay CVs were 7.0%, 9.7% and 11.1% respectively.

Statistical analysis

For bioactivity measurements means + SD and signal-to-noise ratios are presented.
Noise was defined as signal after stimulation with vehicle and so signal-to-noise ratios
were calculated by using the formula: absolute counts after stimulation with a ligand,
divided by absolute vehicle counts. Statistical analysis was performed using repeated
measures Two Way ANOVA followed by Bonferroni post-tests. Data were analysed using
GraphPad software (Prism 5, London, United Kingdom). A p-value of <0.05 was consid-
ered statistically significant.

RESULTS

IR-B activation

. Comparing short-acting insulin analogues vs. human insulin

Overall there were no great differences between short-acting insulin analogues and
human in IR-B activation. Only very small differences were observed at concentrations
of 10nM and higher, where insulin aspart was slightly more potent in IR-B activation that
human insulin (Fig. 1A).

Il. ~ Comparing long-acting insulin analogues vs. human insulin

Insulin glargine was as least as potent as human insulin. At 10-100nM insulin glargine
was slightly more potent than human insulin in activating IR-B (p<0.05; Fig. 1B). Insulin
detemir was significantly less potent than human insulin at 1-10nM (p<0.001; Fig. 1B).
Insulin glargine was significantly more potent than insulin detemir in activating IR-B at
concentrations >0.1nM (p<0.001; Fig. 1B).
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Figure 1.

Activation of insulin receptor isoform B (IR-B). Figure 1A: Comparing human insulin (black solid line)

and short-acting insulin analogues insulin aspart (dashed line with squares) and insulin lispro (dashed
line with triangles). Figure 1B: Comparing human insulin (black solid line) and long-acting insulin
analogues insulin glargine (dashed line with squares) and insulin detemir (dashed line with triangles).
Dose-response profiles ranged from 0.1-100nM. Stimulation with 100nM of human insulin was arbitrarily
set at 100% (thin horizontal dashed line). Each point represents the mean value + SD of four independent
experiments. « p<0.001 insulin aspart vs. human insulin « p<0.05 insulin glargine vs. human insulin ***
p<0.001 insulin detemir vs. human insulin

IR-A activation

. Comparing short-acting insulin analogues vs. human insulin
At all concentrations tested insulin aspart, insulin lispro and human insulin did not differ
in their ability to activate the IR-A (Fig. 2A).

Il. ~ Comparing long-acting insulin analogues vs. human insulin

Insulin glargine was as potent as human insulin in activating IR-A (Fig. 2B). Insulin de-
temir was significantly less potent than human insulin at 1-10nM (p<0.01) (Fig. 2B). At
>0.1nM, insulin glargine generated significant higher responses than insulin detemir
(p<0.05; Fig. 2B).
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Activation of IR-A Activation of IR-A
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Figure 2.

Activation of insulin receptor isoform A (IR-A). Figure 2A: Comparing human insulin (black solid line)

and short-acting insulin analogues insulin aspart (dashed line with squares) and insulin lispro (dashed
line with triangles). Figure 2B: Comparing human insulin (black solid line) and long-acting insulin
analogues insulin glargine (dashed line with squares) and insulin detemir (dashed line with triangles).
Dose-response profiles ranged from 0.1-100nM. Stimulation with 100nM of human insulin was arbitrarily
set at 100% (thin horizontal dashed line). Each point represents the mean value + SD of four independent
experiments.

** p<0.01 *** p<0.001 insulin detemir vs. human insulin

IGF-IR activation

. Comparing short-acting insulin analogues vs. human insulin
Overall there was no difference in potencies between the short-acting insulin analogues
and human insulin in activating the IGF-IR. Only at 100nM insulin lispro was slightly
more potent than human insulin and insulin aspart (Fig. 3A).

Human recombinant IGF-I generated >2 fold higher responses than human insulin,
insulin aspart and insulin lispro at 1-100nM (p<0.001) (Fig. 3A).

Il. ~ Comparing long-acting insulin analogues vs. human insulin
At 0.1-1nM, insulin glargine was as potent as human insulin. At 10-100nM, insulin
glargine was more potent than human insulin (p<0.001), whereas insulin detemir
generated significantly lower dose-respons effects than human insulin (p<0.05; Fig. 3B).
Insulin glargine was significantly more potent than insulin detemir at concentrations
>1nM (Fig. 3B).

Human recombinant IGF-I generated >2 fold higher responses than human insulin
and insulin detemir at 1-100nM (p<0.001) (Fig. 3B). Only insulin glargine, at 100nM, was
equally potent to IGF-I (Fig. 3B).
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Activation of IGF-IR
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Figure 3.

Activation of IGF-I receptor (IGF-IR): Figure 3A: Comparing human insulin (black solid line) and short-
acting insulin analogues insulin aspart (dashed line with squares) and insulin lispro (dashed line with
triangles). Figure 3B: Comparing human insulin (black solid line) and long-acting insulin analogues
insulin glargine (dashed line with squares) and insulin detemir (dashed line with triangles). Dose-response
profiles ranged from 0.1-100nM. Stimulation with 100nM of human IGF-I was arbitrarily set at 100% (thin
horizontal dashed line). Each point represents the mean value * SD of three independent experiments.

** p< 0.01 insulin lispro vs. human insulin « <0.001 insulin glargine vs. human insulin « p<0.05, ***
p<0.001 insulin detemir vs. human insulin.

EC50 values

EC50 values of human insulin and insulin analogues for all three receptors are presented
in Table 1. The EC50 value of human insulin was similar for both IR isoforms and was
substantially lower for the IGF-IR. Both short-acting insulin analogues had EC50 values
similar to human insulin for all three receptors. The EC50 values of insulin glargine for
the IR isoforms were equal to human insulin, however, the EC50 value for the IGF-IR was
41% of human insulin. The EC50 values of insulin detemir for both IR isoforms and for the

Table 1 EC50 values of human insulin, human IGF-l and insulin analogues

EC50 (nmol/L)
Receptor
types Human Human Insulin Insulin Insulin Insulin
Insulin IGF-I aspart lispro detemir glargine
IR-B 20+£15 N.D. 1.8+£1.5 27+1.8 88+1.7 25+1.2
IR-A 20+14 N.D. 1.9+13 25+1.2 13.8+1.3 32+16
IGF-IR 33.0+15 045+ 1.6 292+1.6 338+15 553+1.9 139+14

EC50 of human insulin, human IGF-I and insulin analogues for the human IR-B, human IR-A and the
human IGF-IR. Data represent the mean + SE of minimally three independent experiments.
N.D. = not determined.
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IGF-IR were higher relative to human insulin (440% for IR-A and 690% for IR-B and 170%
for the IGF-IR, respectively).

DISCUSSION

Our main finding was that insulin glargine was significantly more potent than human
insulin in activating the IGF-IR. This result is in agreement with a study of Kurtzhals et
al., where a 3-8 fold increased mitogenicity of insulin glargine compared to human
insulin was found'. They used downstream events, such as glucose uptake (of mouse
adipocytes) and proliferation (of human osteosarcoma cells), to compare metabolic and
mitogenic potencies of insulin analogues with human insulin and correlated these ef-
fects to IGF-IR and IR-A affinity. However, there is a considerable crosstalk between IRA,
IR-B and IGF-IR-mediated functions at receptor- and at post-receptor level and the final
effects are due to a combination of IGF-IR- and IRs-mediated processes. Recently it was
even suggested that the IR and IGF-IR act as identical portals to the regulation of gene
expression, with differences between insulin and IGF-I effects due to a modulation of
the signal created by the specific ligand-receptor interactions'. As a consequence it is
almost impossible in most in vitro cell lines to disentangle the individual contribution of
each type receptor to the final downstream event.

Recently, Sciacca et al. found an increased mitogenic potency of insulin glargine and
insulin detemir compared to human insulin'®. However, in contrast to our findings and
previous reports' ', they found that insulin detemir induced significantly more IGF-IR
phosphorylation than human insulin, while IGF-IR phosphorylation by insulin glargine
was similar to human insulin. Sciacca et al. suggested that different findings on the ef-
fects of insulin detemir in vitro may be attributed to different albumin concentrations
used in different studies.

In our study we used three KIRA assays; one developed for the human IGF-IR, one for
the human IR-A and one for the human IR-B. These bioassays are very specificin that only
the initial activation step of a particular receptor (i.e. tyrosine-phosphorylation) after
stimulation with an insulin analogue is used to quantify receptor-mediated signalling.
By using these three KIRA bioassays, we were thus able to assess the specific activation
of each type of receptor after stimulation with an insulin analogue.

As for all in vitro systems, KIRA bioassays do not mimic the exact in vivo situation.
KIRA bioassays only provide a crude, albeit convenient, measure of kinase activation.
Although the endpoint signal is readily direct and specific, the IR and IGF-IR have up to
6 key tyrosine residues of which of some the role in vivo is not yet fully clear. In addition,
the antibody used to capture the tyrosine residues may well not recognize all residues
equally because of dependence of affinity on flanking sequence and proximity of other
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sites. Furthermore, IR and IGF-IR expression may vary in a tissue-specific manner and
inter-individual differences in the levels of proteins of the IGF-IR system may function as
a critical determinant of the mitogenic potency of insulin analogues®. Moreover, IR/IGF-
IR hybrids (Hybrid —Rs) are formed in many tissues and have been shown to be the most
represented subtype?'. However, although the precise biological role of these Hybrid
—Rs is still unclear, functional studies have demonstrated that Hybrid —-Rs behave more
like IGF-IRs than IRs?'. So, in this context the effects we found on IGF-IR phosphorylation
could be important in vivo.

Increased IGF-IR activation by insulin glargine may result in an abnormal
metabolic:mitogenic ratio in vivo. However, differences in IGF-IR activation between
insulin glargine and human insulin only reached statistical significance when stimulat-
ing cells with relatively high concentrations. On the other hand, in contrast to in vitro
conditions, cells in vivo are continuously exposed to insulin glargine 24 hours a day
during many years. In vivo, insulin glargine is partially degraded into two bioactive
products (M1 and M2, respectively) after subcutaneous injection?. It has been found
that one of these degradation products (M1) is less mitogenic than insulin glargine’,
which could implicate that insulin glargine is less mitogenic in vivo than it is in vitro. To
make relationships even more complex, markedly increased circulating IGF-I levels have
been reported during treatment with insulin glargine?-%.

Comparing human insulin and long-acting insulin analogues in their ability to acti-
vate the IR-B, we found that insulin glargine was at least as potent as human insulin.
Insulin detemir was less potent than human insulin in IR-B activation; only at 100nM
insulin detemir induced similar IR-B activation levels compared to human insulin. This
could be attributed to lower receptor affinity and to binding of insulin detemir to HSA'™
although in our experiments the HSA concentration was only 0.1%. In vivo, a reduced
potency to activate IR-B will result in decreased glucose lowering effects. Indeed, insulin
detemir has a 4-fold concentrated formulation in order to match biological potency of
human insulin?. Therefore, administration of insulin detemir has been shown to result
in higher plasma insulin levels than human insulin and insulin glargine?”-%8., Sciacca et al.
tested insulin at bioequivalent (i.e. glucose lowering) concentrations'®. They found that
insulin glargine, insulin detemir and human insulin had a similar effect on IR-A and IR-B
phosphorylation but that insulin detemir was more potent than human insulin in acti-
vating the IGF-IR. In accordance with these latter results we found that insulin detemir
at highest concentrations (100nM) was as potent as human insulin in phosphorylating
both IR isoforms. However, we found that, even at 100nM, insulin detemir was not able
to activate the IGF-IR to any extent.

Belfiore et al. have shown that equivalent IR-A activation can elicit different down-
stream signalling pathways and biological effects depending on the ligand activating
the receptor®. So, even at equivalent IR-A activation, human insulin, insulin detemir and
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insulin glargine may result in different downstream signalling effects, being either more
metabolic or more mitogenic.

Overall, short-acting insulin analogues did not differ substantially from human insulin,
nor from each other. In agreement with previous studies’s, insulin lispro was slightly
more potent than human insulin and insulin aspart in activating the IGF-IR, only reach-
ing statistical significance at T00nM.

In conclusion, insulin glargine was more potent than human insulin especially in IGF-IR
activation, whereas insulin detemir did not activate the IGF-IR to any extent. This result
clearly underlines the importance of further research to elucidate whether increased
IGF-IR activation by insulin glargine in vitro translates into clinical effects on cancer risk.
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ABSTRACT

Aim: To compare IGF-IR bioactivity 36 weeks after addition of insulin glargine or NPH
insulin to metformin therapy in type 2 diabetic patients who were poorly controlled
under metformin monotherapy.

Methods: In the LANMET Study, 110 poorly controlled insulin-naive type 2 diabetic
patients were randomized to receive metformin with either insulin glargine (G+MET)
or NPH insulin (NPH+MET). In the present study IGF-IR bioactivity was measured, retro-
spectively, in 104 out of the 110 initially included LANMET participants before and after
36 weeks of insulin therapy. IGF-IR bioactivity was measured by an IGF-I kinase receptor
activation assay.

Results: After 36 weeks of insulin therapy, insulin doses were comparable between the
G+MET (68+5.7 U/day) and NPH+MET (71+6.2 U/day) groups (p=0.68). Before insulin
therapy, circulating IGF-IR bioactivity was similar between the G+MET (134+9 pmol/I)
and NPH+MET (135+10 pmol/l) groups (p=0.83). After 36 weeks, IGF-IR bioactivity had
decreased significantly (p=0.001) and did not differ between the G+MET (116+9 pmol/I)
and NPH+MET (117£10 pmol/l) groups (p=0.91). At baseline and after insulin therapy,
total IGF-I concentrations were comparable in both groups (baseline; G+MET 13.3+1.0
vs. NPH+MET 13.3+1.0 nmol/l, p=0.97 and 36 weeks; 13.4+1.0 vs. 13.1+0.9 nmol/I,
p=0.71). Total IGF-I concentrations did not change during insulin therapy (13.3+0.7 vs.
13.3+£0.7 nmol/l, baseline vs. 36 weeks, p=0.86).

Conclusion: Addition of insulin glargine or NPH insulin to metformin monotherapy in
poorly controlled type 2 diabetic patients decreases serum IGF-IR bioactivity similarly.
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INTRODUCTION

In 2009 four observational studies were published of which three suggested that use
of insulin glargine was associated with an increased risk of cancer'. The FDA reviewed
these four studies and concluded that ‘the evidence presented was inconclusive, due
to limitations in how the studies were designed, carried out and in the data available for
analysis”.

Nevertheless these findings have raised concerns as to whether or not insulin glargine
promotes cell proliferation and growth of neoplasms. In vitro, at high concentrations,
insulin glargine has been found to be more potent than human insulin in stimulating
the insulin-like growth factor-1 (IGF-I) receptor (IGF-IR)¢'. By using an in-house Kinase
Receptor Activation (KIRA) assay specific for the IGF-IR, we recently confirmed that insu-
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lin glargine, at high concentrations, is more potent than either human insulin or insulin

detemirin activating the human IGF-IR in vitro’. This assay uses human embryonic kidney
cells overexpressing the human IGF-IR to quantify IGF-IR phosphorylation in response
to stimulation by specific ligands or human serum''2, The dose-dependent effect of
insulin glargine supports the finding of a potential link between higher doses of insulin
glargine and incidence of cancer reported in a case control study by Mannucci et al.”.

Previously, Mayer et al. have published a pilot study in which serum of type 1 diabetic
patients treated with insulin glargine had a greater proliferative effect on MCF-7 breast
cancer cells than serum containing human insulin™. There are however, as to yet, no
studies comparing IGF-IR bioactivity in type 2 diabetic patients during treatment with
insulin glargine or NPH insulin. However, such studies would help to clarify whether
insulin-mediated differences in IGF-IR activation in vitro translate into differences in IGF-
IR bioactivity in vivo.

In the LANMET Study, the efficacy and safety of bedtime insulin glargine was compared
to NPH insulin in poorly controlled insulin-naive type 2 diabetic patients treated with
metformin'.

In the present study, we examined whether addition of insulin glargine or NPH insulin to
metformin monotherapy in poorly controlled type 2 diabetic patients induced changes
in circulating IGF-IR bioactivity as measured by the IGF-IR KIRA assay and whether this
response differed between the two insulins.
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STUDY DESIGN AND STUDY POPULATION

The LANMET Study was a multicentre, open, randomized, parallel-group study'. Briefly,
in the LANMET Study the efficacy and safety of bedtime insulin glargine and metfor-
min (G+MET) was compared to NPH insulin and metformin (NPH+MET) treatment in
insulin-naive poorly controlled type 2 diabetic patients (HbA,_ 8.0% (64 mmol/mol) or
higher). The study consisted of a 4-week run-in phase and a 36-week treatment phase.
It was performed at six sites in Finland and one in the United Kingdom. The study was
performed in accordance with the Declaration of Helsinki and good clinical practice as
described by Note for Guidance CPMP/ICH/135/95. Approval by institutional ethics com-
mittees was obtained for each participating site. All patients provided written informed
consent before entry into the study.

In the present study IGF-IR bioactivity was measured, retrospectively, in participants
of the LANMET study. All LANMET participants were included from whom extra serum
samples had been collected as part of the original protocol (104 out of 110 LANMET par-
ticipants (95% of the total number)). In addition, 41 serum samples from non-diabetic
subjects (mostly spouses) were collected at the time of the baseline visit. The latter
samples were analyzed to compare IGF-IR bioactivity and total IGF-I between type 2
diabetic patients and non-diabetic subjects.

Since, previously, a dose-dependentincrease in cancer risk was observed for treatment
with insulin glargine compared to human insulin™ > and differences between insulin
analogues and human insulin in IGF-IR activation in vitro have only been reported at
relatively high concentrations®'°, we also performed a sub-analysis in 40 patients, who
were treated with a mean daily insulin dose above 70 U/day (20 patients in each treat-
ment group).

MATERIALS AND METHODS

Serum IGF-IR bioactivity and total serum IGF-I were measured in fasting blood samples
before and after 36 weeks of insulin treatment from type 2 diabetic patients and from
non-diabetic subjects (mostly spouses).

IGF-IR KIRA bioassay

The IGF-IR KIRA assay has been previously described''2. Briefly, autophosphorylation
of tyrosine residues located within the intracellular kinase domain of the IGF-IR is the
first step in the intracellular signalling cascade. The IGF-IR KIRA assay uses a human
embryonic kidney (HEK) cell line that is stably transfected with the human IGF-IR gene
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(HEK IGF-IR) and quantifies phosphorylation of tyrosine residues of the transfected
IGF-IR to assess IGF-IR bioactivity. After 48 h of culture, HEK IGF-IR cells were stimulated
for 15 min at 37°C with recombinant IGF-I standards (Austral Biologicals, San Ramon,
CA), insulin glargine (Lantus®, Sanofi-aventis, Frankfurt am Main, Germany) and NPH
insulin (Insulatard®, Novo Nordisk, Bagsvaerd, Denmark). Equimolar concentrations of
IGF-1, insulin glargine and NPH insulin were tested in a range of 100-100 000 pmol/I.
Standards were diluted in Krebs-Ringer bicarbonate buffer adjusted to pH 7.4 by CO,
and supplemented with 0.1% human serum albumin (Octalbine) (Octopharma, Lachen,
Switzerland). After stimulation, cells were lysed. Crude lysates were transferred to a sand-
wich assay. Wells were coated with a monoclonal antibody (MAD-1) directed against the
IGF-IR (Novozymes-Gropep, Adelaide, Australia) that was used as capture antibody in a
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concentration of 5.0 pg/ml. A biotinylated anti-phosphotyrosine monoclonal antibody
(BAM 1676) (R&D Systems Europe Ltd (Abingdon, UK)) was used in a concentration of
0.2 pug/ml together with streptavidin labelled europium (DELFIA Eu-N1) (PerkinElmer

Life Sciences, Groningen, The Netherlands) in a concentration of 50 pmol/l as detec-
tion antibody. Contents were read in a time-resolved fluorometer (Victor2 multilabel
counter; PerkinElmer Life Sciences). Assays were performed in 48-well plates (Corning,
Corning, NY).

For measurements of serum IGF-IR bioactivity, an IGF-I standard, two internal control
samples and two study control samples were included on each culture plate. Serum
samples were diluted 1:10. All measurements were done in duplicate. The intra and
interassay CVs were below 15%.

Statistical analysis

Baseline characteristics are shown as means (or geometric means) + SE. The Kolmogo-
rov-Smirnov-test was used to test normality of variables (data were considered to be
normally distributed when p>0.05). For data that did not meet the criteria for normality,
logarithmic transformations were applied. Pearson’s correlation coefficients were cal-
culated to assess the associations between variables. Pearson’s correlation coefficients
for IGF-1 were calculated after adjustment for age. A univariate general linear model
was used to test differences in continuous variables between the insulin treatment
groups and non-diabetic subjects; differences for total IGF-I and IGF-IR bioactivity were
calculated after adjustment for age and sex. Differences in categorical variables were
tested by using the Chi-Squared test. A paired t-test was used to test differences before
and after starting insulin treatment. A P-value of 0.05 or less was considered statistically
significant. Data were analysed using SPSS 17 for Windows (SPSS Inc., Chicago, IL).
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RESULTS

A. In vitro measurements

Effects of insulin glargine and NPH insulin on IGF-IR activation

Figure 1 shows that insulin glargine and NPH insulin were equally effective in activating
the IGF-IR at 1 00 and 1 000 pmol/I (p= 0.26 and p= 0.34, respectively). At 10 000 and
100 000 pmol/I, insulin glargine was more potent than NPH insulin (p= 0.02 and p= 0.04,
respectively) (Figure 1). Human recombinant IGF-I was more potent than human insulin
and insulin glargine over the whole range tested (Figure 1).
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Figure 1.

Activation of IGF-I receptor (IGF-IR): Comparing human IGF-I (dashed line, solid squares), insulin glargine
(solid line, open squares) and NPH insulin (dashed line, open quares). Dose-response profiles ranged from
100-100 000 pmol/I. Points represent the mean value (+ SEM) of three independent experiments.

* P<0.05, for human IGF-I vs. insulin glargine and NPH insulin. *** P<0.001, for human IGF-I vs. insulin
glargine and NPH insulin. § P<0.05, for insulin glargine vs. NPH insulin.
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B. In vivo measurements

Baseline characteristics

Baseline characteristics of the two patient groups did not significantly differ from each
other (Table 1). The non-diabetic subjects (matched with respect to age and sex) were
leaner and metabolically healthier compared to the type 2 diabetic subjects (Table 1).

Glycaemic control and insulin doses
Mean HbA, concentrations were comparable in the G+MET and NPH+MET groups before
insulin therapy (9.0£0.1% (75£1.1 mmol/mol) vs. 9.2+0.2% (77+2.2mmol/mol), p=0.33)
and decreased similarly in both groups after insulin therapy (7.0+0.1% (53+1.1mmol/
mol) vs. 7.1+0.1%, (54+1.1mmol/mol) G+MET vs. NPH+MET, p=0.93).

In the G+MET group the mean insulin dose was 68+5.7 U/day compared to 71+6.2 U/
day in the NPH+MET group (p=0.68) and the insulin dose per kilogram was 0.69+0.05 U/
kg in the G+MET group compared to 0.69+0.05 U/ kg in the NPH+MET group (p= 0.98).
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Circulating IGF-IR bioactivity and total IGF-I at baseline

Mean serum IGF-IR bioactivity and total IGF-I did not differ between the two treatment
groups at baseline (IGF-IR bioactivity: 13419 vs. 13510 pmol/l, G+MET vs. NPH+MET,
p=0.83 and total IGF-I: 13.3+1.0 vs. 13.3+1.0 nmol/l, G+MET vs. NPH+MET, p=0.97).

There were also no differences in IGF-IR bioactivity and total IGF-I between the two
treatment groups when comparing individuals using >70 U/day (G+MET: 118+16
pmol/l vs. NPH+MET: 129+14 pmol/l, p=0.67; and G+MET: 10.1£1.0 nmol/l vs. NPH+MET:
10.4£1.0 nmol/l, p=0.77).

IGF-IR bioactivity was borderline significantly lower in patients with type 2 diabetes
than in non-diabetic controls (135+7 vs. 161£11 pmol/l, p=0.09) (Figure 2A). Total IGF-I
concentrations were significantly lower in patients with type 2 diabetes than in non-dia-
betic subjects (13.3+0.7 vs. 16.3+1.0 nmol/l, p=0.03) (Figure 2B).

Changes in circulating IGF-IR bioactivity and total IGF-I in response to insulin therapy
After 36 weeks of insulin treatment there were no differences in mean IGF-IR bioactivity
between the G+MET and the NPH+MET groups (11629 vs. 117+10 pmol/l, p=0.91) (Fig-
ure 2A). Also mean total IGF-I concentrations were not different between the treatment
groups (13.4£1.0 vs. 13.1+£0.9 nmol/l, G+MET vs. NPH+MET, p=0.71) (Figure 2B).

In addition, mean IGF-IR bioactivity and total IGF-1 did not differ between the G+MET
and the NPH+MET groups when comparing individuals using > 70 U insulin/day (IGF-
IR bioactivity: 102+15 pmol/l vs. 1148 pmol/l, p=0.63; total IGF-I: 10.8+1.1 nmol/I vs.
10.5£0.9 nmol/l, p=0.23).
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Figure 2.

A. IGF-IR bioactivity (pmol/l) in non-diabetic subjects (white box) at baseline and in diabetic subjects in
the G+MET group (dark grey boxes) and in the NPH+MET group (light grey boxes) at baseline and after 36
weeks of insulin treatment. The line in the boxes represents the mean of the data. The boxes extend from
the 25th percentile to the 75th percentile values, the whiskers show the minimum and maximum values
of each group.

T P=0.09, for IGF-IR bioactivity in non-diabetic subjects at baseline vs. IGF-IR bioactivity in patients at
baseline. *** P<0.001, for IGF-IR bioactivity at baseline vs. IGF-IR bioactivity at 36 weeks in all patients.

B. Total IGF-I (nmol/l) in non-diabetic subjects in non-diabetic subjects (white box) at baseline and in
diabetic subjects in the G+MET group (dark grey boxes) and in the NPH+MET group (light grey boxes) at
baseline and after 36 weeks of insulin treatment. The line in the boxes represents the mean of the data.
The boxes extend from the 25th percentile to the 75th percentile values, the whiskers show the minimum
and maximum values of each group. * P= 0.03, for total IGF-I in non-diabetic subjects at baseline vs. total
IGF-lin patients at baseline.
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Mean serum IGF-IR bioactivity decreased significantly from 135+7 pmol/l at baseline
to 11746 pmol/I (p=0.001) at 36 weeks in all patients (Figure 2A). A significant decline
in IGF-IR bioactivity was also observed in individuals using >70 U insulin/day: 123+11
pmol/l at baseline vs. 108+9 pmol/I after 36 weeks of insulin therapy (p=0.02).

Serum total IGF-I concentrations remained unchanged during insulin therapy (base-
line: 13.3+0.7 vs. 13.3+0.7 nmol/I after 36 weeks of insulin therapy; p=0.86) (Figure 2B).
Also in patients using >70 U insulin/day total IGF-I did not change during treatment
(10.3£0.7 nmol/l at baseline vs. 10.6£0.7 nmol/l at 36 weeks, p=0.24).

Interrelationships between insulin dose at 36 weeks, IGF-IR bioactivity and total IGF-I

At 36 weeks, there was a highly significant inverse relationship between insulin dose
and serum total IGF-lin both groups (total insulin dose: G+MET group r =-0.36, p=0.007;
NPH+MET group r= -0.41, p= 0.005, insulin dose/kg: G+MET group r= -0.33, p= 0.01;
NPH+MET group r= -0.36, p= 0.02), (Figure 3). There was no significant correlation
between insulin dose and IGF-IR bioactivity (total insulin dose: G+MET group r = -0.23,
p=0.10; NPH+MET group r= -0.08, p= 0.58, insulin dose/kg: G+MET group r=-0.17, p=
0.22; NPH+MET group r=-0.08, p= 0.58), at 36 weeks.
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Figure 3.
Correlations between daily insulin dose and IGF-IR bioactivity (A) and total IGF-I (B) in the G+MET (black
dots) and NPH+MET (open dots) group.

DISCUSSION

Insulin glargine has previously been found to be more potent than human insulin in
activating the IGF-IR in vitro. However, this effect has only been observed at high (supra-
physiological) insulin concentrations®'. Indeed, in the present study, by using our in
house IGF-IR KIRA assay, we confirmed that at high concentrations insulin glargine was
more potent than NPH insulin in activating the IGF-IR in vitro. However, in contrast to
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these in vitro findings, serum from type 2 diabetic patients who were treated for 36
weeks with metformin and insulin glargine induced similar IGF-IR activation compared
to that of patients treated with metformin and NPH insulin for 36 weeks. Moreover,
after 36 weeks of insulin treatment, IGF-IR bioactivity decreased significantly in both
groups. Total IGF-I concentrations were similar in both groups at baseline and remained
unchanged during insulin therapy.

A sub-analysis was performed in patients who had used high mean daily insulin
doses (above 70 U/day) in order to address a previous observation of a dose-dependent
increase in cancer risk for insulin glargine treatment. However, also in this sub-group,
IGF-IR bioactivity was similar in both groups after 36 weeks of therapy and had also
decreased significantly, whereas total IGF-l remained unchanged. In addition, we found
a significant inverse relationship between insulin dose and total IGF-I, but not for insulin
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dose and IGF-IR bioactivity. So, although we did not study effects of insulin therapy on

cancer incidence, our findings do not support the idea that insulin therapy raises cancer
risk through an increase in IGF-IR bioactivity.

In the present study insulin concentrations were not measured due to the inability of
commercially available serum insulin assays to accurately measure insulin glargine.
However, in a previous study, in which type 2 diabetic patients were treated with insulin
glargine, a mean dose of 0.43 U/kg/day resulted in mean free plasma insulin concentra-
tions of 126 pmol/I's. In another study, the maximal concentration of serum insulin at
an insulin glargine dose of 1.4 U/kg/day was around 700 pmol/I"”. Extrapolating these
results to the maximal insulin doses that were used in our study (1.7 U/kg/day), it seems
unlikely that free plasma insulin concentrations exceeded 500-850 pmol/l during
treatment with insulin glargine. Moreover, it has been reported that insulin glargine
concentrations measured by regular insulin immunoassays are usually overestimated
by ~30%'. Taken together this suggests that in vivo concentrations of insulin glargine
do not likely reach concentrations at which we and others have observed differences in
IGF-IR activation in vitro. The latter could be an explanation why we did not observe dif-
ferences in IGF-IR bioactivity between the two treatment arms. In addition, after subcu-
taneous injection, insulin glargine is partially degraded into two bioactive products (M1
and M2)".The M1 degradation product has been shown to have less mitogenic potency
than insulin glargine itself and even less potency than human insulin®. These findings
raise the possibility that insulin glargine would be less mitogenic in vivo than it is in vitro
and could be another explanation for the absence of differences in IGF-IR bioactivity
between the two treatment arms. Direct measurement of circulating concentrations of
insulin glargine and its metabolites during insulin therapy would be helpful in clarifying
this latter possibility?.
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The observed decline in IGF-IR bioactivity during insulin therapy in both treatment arms
is in line with a recent study, which showed that acute hyperinsulinemia suppressed
IGF-IR bioactivity, whereas total serum IGF-I did not change?'. The decrease in circulat-
ing IGF-IR bioactivity in the latter study was attributed to insulin-mediated effects on
circulating IGFBPs: insulin suppressed IGFBP-4 and IGFBP-1 and increased IGFBP-2 con-
centrations?'. In addition, it has been reported that IGFBP-3 protease activity is increased
in untreated diabetic patients and decreases after several days of insulin treatment?2.
The latter effect may also have attributed to the observed decrease in IGF-IR bioactivity
during insulin treatment in our study.

At baseline, IGF-IR bioactivity was slightly lower in the type 2 diabetic patients than in
the leaner non-diabetic subjects. Although this comparison was not the primary aim of
our study, this finding is in line with previous data comparing patients with type 2 dia-
betes to those with impaired or normal glucose tolerance?. One mechanism responsible
for lower IGF-IR bioactivity in the diabetic patients could be chronic hyperinsulinemia
(C-peptide levels were 50% higher in the type 2 diabetic patients than in non-diabetic
subjects), since it has been suggested that prolonged insulin exposure inhibits GH-
induced signalling at both receptor and postreceptor level in the liver®.

Total IGF-I concentrations were significantly lower in the diabetic patients than in the
non-diabetic subjects. In previous studies total IGF-I concentrations in type 2 diabetic
patients have been reported to be lower, similar or higher than in non-diabetic control
subjects?. Different results in these studies could be due to variability in insulin concen-
trations because of different treatment regimens and/or variation in insulin sensitivity in
type 2 diabetes?. Another factor may be that in many previous studies immunoassays
have been used that may have not accurately measured IGF-I levels due to problems
with assay standardization and/or with assay methodology?¥.

It has been suggested that the IGF-IR KIRA assay is more sensitive than the common
total IGF-I immunoassays to detect differences in clinical state®. Moreover, the IGF-IR
KIRA assay seems to be superior to common IGF-l immunoassays to monitor therapeutic
interventions®. Thus the measurement of IGF-IR bioactivity could be an important tool
to clarify controversies that exist about the precise role of the IGF-I system in diabetes.

Our data do not support the idea that use of insulin glargine in type 2 diabetes leads
to higher circulating IGF-IR bioactivity in vivo than NPH insulin. Our findings are in line
with a recently published paper in which, in an animal model of type 2 diabetes, no
differences were demonstrated in the degree of colonic epithelial proliferation between
animals treated with insulin glargine or NPH insulin?. Nevertheless, in that study insulin
treatment did result in a higher degree of colonic epithelial proliferation, thereby point-
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ing towards the potential mitogenic properties of all insulins, irrespective of the type of
insulin®.

It is important to emphasize that with the IGF-IR KIRA phosphorylation of the tyrosine
residues within the beta-subunits of the IGF-IR is quantified but it cannot be assessed
whether activation of the IGF-IR by an insulin analogue results in a normal (i.e. balanced
metabolic and mitogenic) activity at cellular level in vivo. The IGF-IR may differen-
tially elicit biological effects and intracellular signalling upon binding of different insulin
analogues. In this respect it has been suggested that intracellular signalling induced by
insulin analogues differs from human insulin: insulin analogues preferentially activate
the ERK pathway rather than the AKT pathway®°. Thus there is still a chance that (subtle)
differences in the molecular structure of insulin analogues may affect in vivo signalling
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at the postreceptor level and thereby induce an abnormal metabolic:mitogenic ratio

(e.g. an increased activation of the IGF-IR may inhibit apoptosis and promote cancer by
increasing cell proliferation?).

It should be stressed that in this study the decline in serum IGF-IR bioactivity during
insulin treatment was found under co-medication with relatively high doses of met-
formin. Metformin is a widely prescribed anti-diabetic drug which is recommended
as the initial pharmacological therapy together with lifestyle interventions for type 2
diabetes®!. All patients in our study were already treated with metformin for at least
three months before being randomly assigned to either insulin glargine or NPH insulin
therapy. Several studies have shown that metformin treatment is associated with a
lower cancer risk* 3233, Therefore, concomitant metformin use has been suggested to
be a potential confounder when it comes to estimating the risks of insulin therapy for
cancer**. However, in our study we merely addressed IGF-IR bioactivity and not cancer
incidence. The potential mechanisms of a potential anticancer effect of metformin seem
to be very complex®. Metformin reverses endogenous hyperinsulinemia through its ef-
fects on glucose homeostasis and therefore may directly have antiproliferative effects®.
Indirectly, a reduction of endogenous insulin levels may also lower IGF-IR bioactivity by
improving insulin sensitivity*’. Most importantly, metformin activates the AMP-activated
protein kinase (AMPK) signalling pathway*. One of the major growth regulatory path-
ways controlled by AMPK is the mammalian target of rapamycin (mTOR) pathway and
its downstream substrates®®3°. In addition, in NIH-3T3 cells, stimulation of AMPK inhibits
the ability of IGF-I to activate ras and its downstream targets but phosphorylation of the
activated IGF-IR appeared to be unaffected by this increase in AMPK activity*. So, met-
formin seems to interfere with IGF-I signalling at the postreceptor level and not at the
receptor level. Nevertheless, we cannot exclude that concomitant metformin therapy
has influenced our findings.
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Finally, a few limitations of our study need to be addressed. First of all the LANMET study
was not primarily designed and performed to study effects of insulin therapy on IGF-IR
bioactivity and/or cancer incidence. We could only study IGF-IR bioactivity during a rela-
tively short follow-up period and in subjects who were already treated with metformin.
Therefore the post-hoc analysis in our study was inevitable. Nevertheless, again, we did
not study cancer incidence. In addition, we would like to underline that, after 36 weeks
of insulin treatment, there was no difference in IGF-IR bioactivity between subjects
treated with insulin glargine or NPH insulin.

Secondly, as for all in vitro systems, the IGF-IR KIRA bioassay does not mimic the exact
in vivo conditions. Responses to insulin and insulin analogues in vivo are far more com-
plex and are mediated by insulin receptors next to IGF-IRs and possibly also by hybrid
receptors, that are widely expressed on normal tissues and often aberrantly expressed
in cancer cells*'. However, although the precise biological role of these hybrids is still
unclear, functional studies have demonstrated that hybrid receptors behave more like
IGF-IRs than IRs*'. So, in this context the effects we found on IGF-IR phosphorylation
could be important in vivo.

In conclusion, circulating IGF-IR bioactivity was similar in poorly controlled type 2
diabetic patients who had been treated for 36 weeks with either insulin glargine or
NPH insulin combined with metformin. Moreover, insulin treatment decreased IGF-IR
bioactivity. In addition, there was a significant inverse relationship between insulin dose
and total IGF-I. So, our data do not indicate increased IGF-IR signalling in type 2 diabetic
patients treated with insulin glargine.
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ABSTRACT

Aims: We investigated 1) the ability of purified insulin glargine, M1, M2, IGF-l and NPH in-
sulin to activate the IR-A and IR-B and IGF-IR in vitro, 2) plasma concentrations of insulin
glargine and M1 and M2 during long-term insulin therapy in type 2 diabetic patients and
3) IR-A and IR-B activation in vitro induced by serum from patients treated with insulin
glargine or NPH insulin.

Methods: 104 patients (age 56.3+0.8 yrs, BMI 31.4+0.5 kg/m? A1c 9.1+£0.1% (meanzse))
were randomized to insulin glargine or NPH insulin therapy for 36 weeks. Plasma con-
centrations of insulin glargine, M1 and M2 were determined by LCMS. IR-A, IR-B and
IGF-IR autophosphorylation induced by purified hormones or serum by kinase receptor
activation assays.

Results: In vitro, M1 induced comparable IR-A, IR-B and IGF-IR autophosphorylation
(activation) as NPH insulin. After 36 weeks, M1 increased from undetectable (<0.2 ng/
mL) to 1.5 ng/mL [0.9-2.1] while insulin glargine and M2 remained undetectable. Insulin
glargine dose correlated with M1 (r=0.84, p<0.001). Serum from patients treated with
insulin glargine or NPH insulin induced similar IR-A and IR-B activation.

Conclusions: These data suggest that M1 rather than insulin glargine mediates insulin
glargine effects and that compared to NPH insulin insulin glargine does not increase
IGF-IR signalling during long term insulin therapy in type 2 diabetes.
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INTRODUCTION

Besides its typical metabolic effects, insulin also has growth effects. In 2009 four observa-
tional studies were published of which three suggested that use of insulin glargine was
associated with an increased risk of cancer'. Since it was shown that insulin glargine
had an increased affinity for the IGF-I receptor (IGF-IR)>°, mitogenic effects of insulin
glargine were believed to occur through increased stimulation of the IGF-IR. However,
we recently observed that serum from type 2 diabetic patients, who were treated for 36
weeks with metformin and insulin glargine induced similar IGF-IR activation compared
with that of patients treated with metformin and NPH insulin’.

After subcutaneous injection, insulin glargine is metabolized into two metabolites M1
and M2 Insulin glargine undergoes sequential cleavage of the carboxy terminus of
the B-chain forming metabolites M1 and M2 that lack the di-arginine (M1 after removal
of the two arginines, M2 with additional deamination of threonine at position B30). M1
and M2 have the same metabolic properties as human insulin and do not differ from
human insulin in affinity for the IGF-IR®. Our previous observation of a lack of increase in
IGF-IR activation by serum’ could have been the result of insulin glargine not reaching in
vivo concentrations needed to stimulate the IGF-IR''. However, it may also be the result
of metabolism of insulin glargine to M1 or M2 before it enters the circulation. Pharma-
codynamic studies have shown that in type 1 diabetes mellitus, after a subcutaneous
injection, insulin glargine is rapidly and dose-independently metabolized almost com-
pletely into M1'. Moreover, in type 2 diabetic patients, after a subcutaneous injection
of a therapeutic dose, insulin glargine was minimally detectable in blood and M2 was
undetectable in blood, whereas M1 accounted for most (=90%) of the plasma insulin
concentration up to 31 hrs®. Yet, whether insulin glargine accumulates during long-term
insulin glargine therapy is still unknown.

Mitogenic effects of insulin may also occur via increased stimulation of the insulin
receptor (IR)'2 IRs are usually expressed at high levels in cancer cells'*™*. Moreover, cells
can express two IR isoforms (IR-A and IR-B), generated by alternative splicing of the IR
gene®. The two IR isoforms have slightly different biological properties'. IR-B is the
classical form of the IR, which is primarily expressed in liver, muscle and adipose tissues
and predominantly mediates metabolic effects'>78. IR-A is expressed ubiquitously but is
predominantly expressed in central nervous system, haematopoietic cells and in cancer
tissues and has predominantly mitogenic effects' ',

The aims of the present study were to measure 1) the ability of purified insulin glargine,
M1, M2, IGF-1 and NPH insulin to activate the IR-A and IR-B and IGF-IR in vitro, 2) plasma
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concentrations of insulin glargine and M1 and M2 during long-term insulin therapy in
type 2 diabetic patients and 3) IR-A and IR-B activation in vitro induced by serum from
patients treated with insulin glargine or NPH insulin.

STUDY DESIGN AND SUBJECTS

In vitro effects of insulin glargine, M1, M2, NPH insulin and IGF-I on IR-A, IR-B and IGF-IR
autophosphorylation (activation)

Equimolar concentrations of insulin glargine (Lantus®, sanofi, Frankfurt am Main, Ger-
many), M1 (kindly provided by sanofi, Frankfurt Germany), M2 (kindly provided by sanofi,
Frankfurt Germany), NPH insulin (Insulatard®, Novo Nordisk, Bagsvaerd, Denmark) and
IGF-I (Austral Biologicals, San Ramon, CA) were tested in a range of 0.1-100 nmol/I. IR-A,
IR-B and IGF-IR activation was measured by Kinase Receptor Activation (KIRA) assays as
detailed below (Methods section).

Concentrations of metabolites in serum and effects of serum on IR-A and IR-B activation
in vitro

Serum samples from type 2 diabetic patients treated with insulin glargine were used to
measure concentrations of insulin glargine, M1 and M2 by LCMS (please see Methods
section) (vide infra) at baseline and after 36 weeks of insulin glargine treatment. Serum-
induced IR-A and IR-B activation was measured by KIRA assays as detailed below (Meth-
ods section) before and after 36 weeks of insulin treatment in the same type 2 diabetic
patients and in type 2 diabetic patients treated with NPH insulin for 36 weeks. Serum
samples tested were samples obtained from the previously reported LANMET study’® in
which extra serum samples had been collected as part of the original protocol (104 out
of 110 LANMET participants). The LANMET study was a multicentre, open, randomized,
parallel-group study. Briefly, in the LANMET study, the efficacy and safety of bedtime
insulin glargine and metformin was compared to NPH insulin and metformin treatment
in insulin-naive poorly controlled type 2 diabetic patients (HbA, 8.0% or higher). The
study consisted of a 4-week run-in phase and a 36-week treatment phase. It was per-
formed at six sites in Finland and one in the United Kingdom. The study was performed
in accordance with the Declaration of Helsinki and good clinical practice as described
by Note for Guidance CPMP/ICH/135/95. Approval by institutional ethics committees,
including permission to obtain extra serum samples at 0 and 36 weeks, was obtained
for each participating site. All patients provided written informed consent before entry
into the study.
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METHODS

IR-A, IR-B and IGF-IR KIRA assays using pure hormone, metabolites or serum

The IR-A, IR-B and IGF-IR KIRA assays have been previously described®?'. All three assays
use human embryonic kidney cells stably transfected with either cDNA of the human IR-A
or human IR-B gene (HEK IR-A or IR-B) or with cDNA of the human IGF-IR gene (HEK IGF-
IR). The principle of all three KIRA bioassays is based on quantification of tyrosine residue
phosphorylation of the IR or IGF-IR. For the in vitro experiments, after 48 h of culture, cells
were stimulated for 10 min (for IR KIRA assays) or 15 min (for the IGF-IR KIRA assay) at 37
°C. Cells were stimulated with equimolar concentrations of insulin glargine, M1, M2, NPH
insulin or human recombinant IGF-I diluted in 0.5% HSA (Octalbine®) (Octopharma, Lachen,
Switzerland).

For serum experiments, after 48 h of culture, cells were stimulated for 10 min (for IR
KIRA assays) at 37 °C. Cells were stimulated with in serum or increasing amounts of hu-
man recombinant insulin (Actrapid®, Novo Nordisk, Bagsvaerd, Denmark) in a range of
0.06-1.0 nmol/L. In addition, 2 control serum samples were tested on every plate to en-
sure optimal performance. Standards and serum samples were diluted in Krebs-Ringer
bicarbonate (KRB) buffer adjusted to pH 7.4 by CO, and supplemented human serum
albumin diluted to 0.5% and 0.1% respectively. Serum samples were diluted 1:10.

After stimulation, cells were lysed. Crude lysates were transferred to a sandwich assay.
In the IR KIRA assays wells were coated with a monoclonal antibody (MAI-1) directed
against the IR (Novozymes-Gropep, Adelaide, Australia) that was used as capture anti-
body in a concentration of 2.5 pug/ml. In the IGF-IR KIRA assay wells were coated with a
monoclonal capture antibody (MAD-1) directed against the IGF-IR in a concentration of
5.0ug/ml. A biotinylated anti-phosphotyrosine monoclonal antibody (BAM 1676) (R&D
Systems Europe Ltd (Abingdon, UK)) was used in a concentration of 0.2 ug/ml together
with streptavidin labelled europium (DELFIA Eu-N1) (PerkinElmer Life Sciences, Gronin-
gen, The Netherlands) in a concentration of 50 pmol/I as detection antibody. Contents
were read in a time-resolved fluorometer (Victor2 multilabel counter; PerkinElmer Life
Sciences). Assays were performed in 48-well plates (Corning, Corning, NY). All measure-
ments were done in duplicate. The inter- and intra-assay CVs were below 15%.

Insulin glargine, M1 and M2 metabolite assays

Plasma insulin glargine, M1 and M2 concentrations were determined in citrate plasma
samples taken after an overnight fast after 36 weeks of insulin treatment as follows: in-
sulin glargine, M1 and M2 were extracted in plasma samples by immunoaffinity columns
and quantified by a specific liquid chromatography tandem mass spectrometry assay
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(LCMS), without cross-reactivity to endogenous human or other insulins. The limit of
quantitation (LOQ) was =33 pmol/I (0.2 ng/ml)*®.

Statistical analysis

Baseline characteristics are shown as means (or geometric means) + SE. The Kolmogo-
rov- Smirnov-test was used to test normality of variables (data were considered to be
normally distributed when P> 0.05). For data that did not meet the criteria for normality,
logarithmic transformations were applied and are presented as geometric mean with
95% Cl or if logarithmic transformation did not normalize data as median with interquar-
tile range Spearmans’ correlation coefficients were calculated to assess the associations
between variables. Differences in continuous variables were calculated by an unpaired
t-test or Mann Whitney test. Differences in categorical variables were tested by using the
Chi-Squared test. A P-value of 0.05 or less was considered statistically significant. Data
were analyzed using SPSS 17 for Windows (SPSS Inc., Chicago, IL).

RESULTS

Effects of purified insulin glargine, M1, M2 and NPH insulin on IGF-IR, IR-A and IR-B activa-
tion in vitro

IGF-IR activation. As depicted in Fig. 1A, at 10-100 nmol/l insulin glargine was signifi-
cantly more potent than NPH insulin or M1 and M2 to activate the IGF-IR. IGF-I was the
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Figure 1.

Activation of the IR-A, IR-B and IGF-IR in vitro: comparing equimolar concentrations of NPH insulin (solid
black line, squares), human IGF-I (solid black line, dots), insulin glargine (dashed line, squares) and M1
(dashed line, triangles down) and M2 (dashed line, triangles up). Dose-response profiles ranged from 0.1-
100 nmol/L. Points represent the mean value (+SEM) of three independent experiments. *P-value < 0.05
compared to NPH insulin.
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most potent activator of IGF-IR (Fig. 1A). M1 and M2 and NPH insulin activated the IGF-IR
in a comparable manner (Fig. TA).

IR-A activation. At 10-100 nmol/L, insulin glargine and M2 were more potent than NPH
insulin in activating the IR-A (p<0.001) (Fig. 1B). M1 activates IR-A similarly to NPH insulin
at concentrations up to 100 nmol/I (Fig 1B) and was only slightly more potent than NPH
insulin at 100 nmol/L (p=0.04) (Fig 1B).

IR-B activation. At 10-100 nmol/L, insulin glargine and M2 were more potent than NPH
insulinin activating the IR-B (p<0.001) (Fig. 1C). M1 was as potent as NPH insulin over the
entire range tested (Fig. 1C).

Table 1 shows the EC50 values of IGF-I, NPH insulin, insulin glargine, M1 and M2 for
the IGF-IR, IR-A and IR-B, respectively. For the IGF-IR, the EC50 of insulin glargine was
substantially lower than NPH insulin for the IGF-IR, while EC50 values for M1 and M2
were higher compared to NPH insulin. For the IR-A and IR-B, the EC50 values were similar
for NPH insulin, insulin glargine, M1 and M2.

Table 1. EC50 values of IGF-I, NPH insulin, insulin glargine, M1 and M2 for the human IR-A, human IR-B
and the human IGF-IR.

EC50 (nmol/L)

Receptor fypes IGF-I NPH insulin JI'::'I:L M1 M2

IR-A 96+1.0 1.8+1.0 22+1.1 22+1.1 20+1.1
IR-B 230+ 1.1 14+11 20+1.1 18+12 20+1.1
IGF-IR 11+12 400+ 14 234+13 851419 4914138

Data represent the mean=SE of minimally three independent experiments

Plasma concentrations of Insulin glargine and its metabolites after 36 weeks therapy

As reported previously” ', baseline characteristics were comparable (Table 2). At 36
weeks, the mean doses of insulin glargine and NPH insulin to achieve HbA, of 7.0+0.1%
and 7.1+0.1% (p=0.93) were 68+6 IU/day and 71+6 IU/day (p=0.68). The insulin doses (IU/
kg) were also comparable (insulin glargine: 0.69+0.05 1U/kg vs. NPH insulin: 0.69+0.05
1U/kg, p=0.98).

At 36 weeks of insulin glargine treatment, plasma M1 concentrations increased from
undetectable (<0.2 ng/mL) to 1.5 ng/mL [0.9-2.1] (median [interquartile range]) whereas
Insulin glargine and M2 concentrations remained undetectable (<0.2 ng/mL) (Figure 2).
The dose of insulin insulin glargine (IU/kg) correlated with M1 (r=0.84, p<0.001) (Figure
3).
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Table 2. Baseline characteristics of diabetic patients randomized to the insulin glargine therapy or NPH
insulin therapy

insulin glargine

Characteristic group NPH insulin group P-value®
Patients (n) 57 47 -
Sex (m/f) 35/22 31/16 0.63
Age (yrs)® 56.0+1.2 56.7+1.2 0.71
Metformin dose (g/day) 2.16%0.05 2.23+0.06 0.38
Previous sulfonylurea (%) 81 89 0.28
Weight (kg) 923424 95.542.6 0.36
BMI (kg/m?)? 31.0+0.7 31.9+0.8 0.35
HbA, . (%) 9.0£0.1 9.2+0.2 033
HbA, * (mmol/mol) 75+1.1 77+2.2

FPG (mmol/l)? 12.3£0.3 11.9+0.4 0.43
C-peptide (nmol/l) 1.0£0.04 1.0£0.07 0.86
Serum TG (mmol/I) 2.0+0.2 2.2+0.2 0.17
HDL- cholesterol (mmol/I)? 1.2+0.04 1.1£0.03 0.25
LDL- cholesterol (mmol/I)? 2.7+0.1 2.8+0.1 0.40

Data are presented as mean + SE.
2 geometric mean.” P-values are shown for differences between the insulin glargine group vs. NPH insulin
group in the present study.

IR-A and IR-B activation in vitro, induced by serum from patients in the insulin glargine
vs. NPH insulin treated groups

At baseline, serum-induced IR-A and IR-B activation did not differ between the two
treatment groups (IR-A: insulin glargine vs. NPH insulin: 76 pmol/L [63-91] (median
[interquartile range]) vs. 72 pmol/L [52-83]; p=0.09; IR-B: insulin glargine vs. NPH insulin:
134 pmol/L [106-166] vs. 123 pmol/L [102-159] p=0.33).

At 36 weeks of insulin therapy, serum-induced IR-A and IR-B activation did not differ
between the two treatment groups (IR-A: insulin glargine vs. NPH insulin: 72 pmol/L
[54-82] vs. 71 pmol/L [57-92]; p=0.96; IR-B: insulin glargine vs. NPH insulin: 116 pmol/L
[93-148] vs. 121 pmol/L [102-133]; p=0.65).

At 36 weeks, the insulin dose (IU/kg) was positively correlated with serum-induced
IR-A (r=0.28, p=0.004) but not to IR-B activation (r=0.16, p=0.12). In the NPH insulin
treated group, the insulin dose (IU//kg) was positively correlated with serum-induced
IR-A (r=0.39, p=0.008) but not to IR-B activation (r=0.24, p=0.11) (Figure 4A). In subjects
treated with insulin glargine, the insulin dose did not correlate to serum-induced IR-A
(r=0.17, p=0.22) or IR-B activation (r=0.08, p=0.55). However, M1 correlated with serum-
induced IR-A (r=0.33, p=0.01) but not IR-B (r=0.17, p=0.20) activation (Figure 4B).
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Figure 2.

Circulating plasma concentrations of insulin glargine (GLA) and its metabolites M1 and M2 at baseline
and at 36 weeks of insulin glargine therapy determined by LCMS. Results are shown as median with
interquartile ranges. The under broken line shows the detection limit for all 3 substances (0.20 ng/mL).

Insulin dose/kg/day
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Figure 3.

Correlation between insulin glargine dose/kg/day at 36 weeks of insulin therapy and concentrations of its
metabolite M1.
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A. Correlation between NPH insulin dose/kg/day and serum-induced IR-A and IR-B activation at 36 weeks
of insulin therapy. NPH dose/kg/day was positively related to IR-A activation.

B. Correlation between concentrations of metabolite M1 and serum-induced IR-A and IR-B activation at 36
weeks of insulin glargine therapy. M1 concentrations were positively correlated to IR-A activation.

DISCUSSION

The most important finding of this study was that there was no detectable insulin
glargine in the circulation of type 2 diabetic patients treated with high doses of insulin
glargine for 36 weeks. Of the metabolites of insulin glargine, only M1 could be detected
in the circulation of patients treated with insulin glargine. Circulating M1 concentrations
correlated closely with the insulin glargine dose and with the ability of serum (from the
same patients) to induce IR-A activation. In contrast to purified insulin glargine, purified
M1 did not activate IGF-IR in vitro, even at high concentrations and activated IR-A and
IR-B similar to NPH insulin.

Sommerfeld et al, found that insulin glargine had a higher affinity for the IGF-IR and was
also more potent than human insulin to stimulate thymidine incorporation in Saos-2
cells®. In contrast, M1 and M2 were significantly less active than human insulin in bind-
ing to and activating the IGF-IR®. Their mitogenicity in Saos-2 cells was equal to that of
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human insulin®. In another study, IGF-I and insulin glargine more efficiently stimulated
phosphatidyl-inositol 3 phosphate PIP(3) production in breast cancer-derived MCF-7
cells as compared to human insulin®. In contrast, as compared to insulin, M1 and M2
showed lower potency in stimulating hybrid receptors (IR/IGF-IR), they induced less
PIP(3) production, less Akt and Erk1/2 phosphorylation and less DNA synthesis in MCF-7
cells. These experimental results are in keeping with our findings of slightly greater IR-A,
IR-B and IGF-IR activation at high (supraphysiologic) concentrations by insulin glargine
compared to human insulin, and with data showing that insulin glargine metabolites M1
and M2 do not share these properties of insulin glargine (Fig. 1 en Table 1).

These findings may thus explain why the ability of serum from type 2 diabetic patients
to induce IR-A and IR-B activation in the insulin glargine treated group was comparable
to that of patients treated with NPH insulin. Moreover, they may also explain why we
previously were not able to detect differences in serum-induced IGF-IR activation be-
tween patients treated with insulin glargine or NPH insulin’.

In a recent study, circulating concentrations of insulin glargine, M1 and M2 were
determined in type 1 diabetic subjects after a single subcutaneous dose of 0.3, 0.6, or
1.2 1U/kg insulin glargine respectively'. The authors concluded that insulin glargine was
rapidly and nearly completely processed into M1. In another study, 9 type 2 diabetic
subjects were investigated after 1 week of insulin glargine treatment®. Insulin glargine
was detected at low concentrations in five of the nine subjects and at only a few time
points. In contrast, M1 was detected in all subjects and accounted for most of the plasma
insulin and metabolic action of the injected insulin glargine while M2 was undetect-
able. In contrast to our study, these studies did not include measurements of the abil-
ity of pure hormones or serum from the patients to activate the IR-A, IR-B and IGF-IR.
Moreover, these studies did not address long term effects of high dose insulin glargine
treatment on insulin glargine and its metabolites. Nevertheless, our findings are in line
and consistent with conclusions of these latter studies.

The data in the present and our previous study’ do not give support to the idea that
treatment with insulin glargine in type 2 diabetes leads to a stronger stimulation of the
IRs or IGF-IR than NPH insulin. In spite of that, we did find a positive relationship be-
tween insulin dose and serum-induced IR-A activation for both treatment groups. This
suggests that, irrespective of insulin type, there may be an enhanced IR-A signalling in
subjects who are treated with relatively high insulin doses. Whether these results have
any clinical consequences is still uncertain. In a recent study, in which an animal model
of type 2 diabetes was studied, no differences could be demonstrated in the degree of
colonic epithelial proliferation between animals treated with insulin glargine or NPH
insulin?®. However, insulin treatment as such did result in a higher degree of colonic
epithelial proliferation, suggesting that potential insulin-mediated mitogenic proper-
ties are irrespective of the type of insulin?.
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Finally, a few limitations of our study need to be addressed. The LANMET study was
not primarily designed and performed to study the effects of insulin therapy on IR-A
or IR-B or IGF-IR stimulating activities. Therefore the present study is inevitably a post-
hoc analysis. Secondly, as for all in vitro systems, the IR-A and IR-B KIRA assays do not
mimic the exact in vivo conditions. The autophosphorylation of the tyrosine residues at
the beta-subunits of the IGF-IR and IRs does not necessarily give insights into whether
activation of the IGF-IR or IR by an insulin analogue results in a normal (i.e. balanced
metabolic and mitogenic) activity at cellular level in vivo. Thus, it would be important
also to study downstream signalling pathways of the IGF-IR and IRs. However, lack of
detectable insulin glargine in plasma after long-term insulin therapy precludes any
direct role of insulin glargine in mediating metabolic or mitogenic effects during insulin
therapy. Another limitation of the present study is that metabolite measurements were
performed at 0 and 36 weeks, but not at other time points.

In conclusion, M1 induced similar IGF-IR, IR-A and IR-B activation as human insulin.
After long-term, high dose, insulin glargine therapy, only M1 but not insulin glargine nor
M2, could be detected in the circulation of type 2 diabetic patients. The concentration
of plasma M1 correlated with insulin dose and also with IR-A stimulating activity. Serum
from type 2 diabetic patients treated with insulin glargine or NPH insulin induced simi-
lar IR-A and IR-B activation. Taken together these data show that long-term high dose
insulin glargine therapy does not increase IGF-IR signalling in type 2 diabetic patients.
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ABSTRACT

Aim: Growth hormone (GH) is considered the main regulator of circulating insulin-like
growth factor-I (IGF-I). Total (extractable) IGF-I is therefore routinely used for diagnosis
of Growth Hormone Deficiency (GHD) and for monitoring treatment. Methods currently
used for measurement of circulating total IGF-1 may be hampered by interferences of
IGF-binding proteins. Recently, a Kinase Receptor Activation (KIRA) assay was developed
to determine IGF-IR bioactivity in human serum. The principle of this assay is based on
quantification of IGF-I receptor (IGF-IR) activation after stimulation with serum in vitro.
The aim of this study was to investigate the diagnostic potential of IGF-IR bioactivity in
adults with GHD.

Methods: In a single centre observational study 94 GH-untreated patients diagnosed
with GHD by GH-provocative-tests were included. IGF-IR bioactivity was determined
by the IGF-IR KIRA assay, total IGF-I was determined by immunoassay in fasting blood
samples.

Results: IGF-IR bioactivity was more frequently below the normal range (<-2SD) in
untreated GH deficient patients than total IGF-I levels (81.9% vs. 61.7%, respectively),
especially in patients >40 years of age. IGF-IR bioactivity decreased with the duration
of GHD, whereas total IGF-I did not. With a decreasing number of additional pituitary
deficits, total IGF-I levels more frequently remained within the normal range, whereas
the percentage below the normal range was high for IGF-IR bioactivity, independent of
additional deficits.

Conclusion: Determination of IGF-IR bioactivity may offer advantages in the evaluation
of adult GHD compared to total IGF-I as bioactivity better reflects GHD as defined by GH
stimulation tests, especially in subjects >40 years of age.
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INTRODUCTION

Growth hormone (GH) is considered to be the main regulator of circulating insulin-like
growth factor-I (IGF-I)". Circulating total (extractable) IGF-I is therefore routinely used for
diagnosing and monitoring treatment of adult Growth Hormone Deficiency (GHD)?3.
Nevertheless, it has been proven that the diagnosis of GH disorders cannot solely rely
on determination of total IGF-I. In a substantial fraction of patients diagnosed as GH
deficient, total IGF-I levels remain within the normal range, especially in patients above
40 years of age*. However, during GH replacement therapy, GH dose is titrated against
total IGF-I levels and according to Consensus Guidelines total IGF-I values should be
kept in the age-related normal range®.

Many of the methods currently used for measurement of circulating total IGF-I are
hampered by interferences of IGF-binding proteins (IGFBPs) remaining after extraction®.
On the other hand, by extracting IGFBPs the modifying effects of these proteins on IGF-I
action are ignored.

In 2003, a Kinase Receptor Activation (KIRA) bioassay was developed by Chen et al.” in
order to measure IGF bioactivity at physiological conditions. The principle of this assay is
based on quantification of IGF-I receptor (IGF-IR) activation after stimulation with serum
in vitro®. In this way bioavailable IGF-1is quantified while taking into account the modify-
ing effects of IGFBPs. Moreover, although it has been reported that cross-reactivity for
IGF-II in this IGF-IR KIRA is only 12%/, the contribution of IGF-Il in GH deficient subjects
may be relatively more significant considering the fact that IGF-Il production is relatively
GH independent.

The aim of this study was to investigate the diagnostic value of IGF-IR bioactivity in
patients with proven GHD.

MATERIALS AND METHODS

Study Population

94 Patients diagnosed with GHD by GH-provocative tests were included in the present
study. 81 Patients had already been treated with recombinant human GH, 13 patients
were GH-naive.

For the diagnosis of GHD, patients with multiple pituitary hormone deficits had to
have a serum GH peak below the cut-off value in one GH provocative test (arginine-
GHRH test: GH peak< 16.5 pg/L, insulin tolerance test: GH peak< 5.0 pg/L) and patients
with isolated GHD needed two GH provocative tests. Inclusion criteria were: 1. Male or
female patients between 18-80 years, 2. Written voluntary informed consent, 3. Subjects
using hormone replacement therapy for additional pituitary deficits had to be on an
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optimized treatment regimen for at least three months prior to inclusion . Exclusion
criteria were: 1. Patients who had received certain types of therapies for other reasons
such as radiotherapies, surgeries, chemo-or immunotherapies in the three months prior
to study start, 2. Female patients who were pregnant or lactating, or who wanted to
become pregnant within one year, 3. Patients who were treated with insulin, 4. Subjects
who, in the judgement of the investigators, were likely to be non-compliant or uncoop-
erative during the study. From all subjects informed consent was obtained and the study
was approved by the medical ethics committee of Erasmus MC.

Study Design

Afterinclusion, all 81 patients who had already been treated with recombinant human
GH, were asked to discontinue GH treatment and were studied after four weeks. The 13
GH-naive patients were studied before starting GH therapy.

The following laboratory assessments were conducted in the fasting state: bioactive
IGF-I, total IGF-I, insulin, glucose, IGFBP-1 and IGFBP-3. Moreover body weight, height,
blood pressure. Body mass index (BMI) and waist-to-hip ratio (WHR) were calculated.

Duration of GHD was defined as time elapsed since GHD diagnosis (confirmed by a GH
provocative test) and date of inclusion in this study.

Blood Measurements

The IGF-IR KIRA assay has been previously described’”®. Briefly, IGF-I binding to the IGF-
IR results in autophosphorylation of tyrosine residues located within the intracellular
kinase domain, being the first step in the intracellular signalling cascade. The IGF-IR KIRA
assay uses a human embryonic kidney (HEK) cell line that is stably transfected with the
human IGF-IR gene (HEK IGF-IR) and quantifies phosphorylation of tyrosine residues of
the transfected IGF-IR to assess IGF-IR bioactivity. After 48 hours of culture HEK IGF-IR
cells were stimulated for 15 minutes at 37°C with increasing known amounts of human
recombinant IGF-I (Invitrogen, Breda, The Netherlands) in a range of 1-0.06 nmol/L and
study serum samples. In addition, 2 control serum samples were tested on every plate to
ensure optimal performance. Standards and serum samples were diluted in Krebs-Ringer
bicarbonate (KRB) buffer adjusted to pH 7.4 by CO, and supplemented with 0.1% human
serum albumin (HSA) (Octalbine®) (Octopharma, Lachen, Switserland). After stimulation
cells were lysed. Crude lysates were transferred to a sandwich assay. Wells were coated
with a monoclonal antibody directed against the IGF-IR (MAD1) (Novozymes-Gropep,
Aidelade, Australia) that was used as capture antibody in a concentration of 5.0ug/mL.
An europium labelled monoclonal anti-phosphotyrosine antibody (Eu-PY20) (Perkin-
Elmer Life sciences, Groningen, the Netherlands) was used as a detection antibody in a
concentration of 1.25pg/mL. Contents were read in a time-resolved fluorometer (Victor2
multilabel counter) (Perkin-Elmer life sciences, Groningen, The Netherlands). Assays
were performed in 48 well plates (Corning, NY, USA). For measurements of IGF-IR bio-



IGF-I receptor bioactivity and diagnosis of GHD

activity, an IGF-I standard, two internal control samples were included on each culture
plate. Serum samples were diluted 1/10. All measurements were done in duplicate. The
intra-assay CV was 5.6%. The inter-assay CVs were 6.8% and 12.6%.

Serum total IGF-I, IGFBP-3 and insulin were measured by a solid-phase, enzyme-
labelled chemiluminescent immunometric assays (intra-assay CVs were 3.9%, 4.4% and
3.3-5.5% and inter-assay CVs were 7.7%, 6.6% and 4.1-7.3% respectively) (Immulite 2000
supplied by Siemens Medical Solutions Diagnostics, Los Angeles, and USA). Since GH-
levels after provocative tests were obtained between 1988 and 2010, different assays
have been used to quantify GH levels. The inter- and intra-assay CVs were below 15%.

Statistics

The clinical characteristics of the study population are presented as mean with ranges
or SE. The Kolmogorov- Smirnov-test was used to test normality of variables (data were
considered to be normally distributed when P> 0.05). For data that did not meet the
criteria for normality, logarithmic transformations were applied. Pearson’s correlation
coefficients were calculated (after adjustment for age) to assess associations between
variables.

Both total IGF-I levels and IGF-IR bioactivity were compared with the age-specific
normative range values for IGF-I that have been published before®°. For total IGF-I
normal values have been established in serum samples collected from 1584 healthy
individuals, neonates, infants, children, adolescents and adults up to the age of 88 years
by an enzyme-labelled chemiluminescentimmunometric assays (Immulite 2000)°. In the
present study, total IGF-I levels were also measured by an automated chemiluminescent
assay system (Immulite 2000). The normal ranges for IGF-IR bioactivity have been previ-
ously published by our group and have been determined by using the same IGF-IR KIRA
bioassay that was used in this study® These normal values were established by measur-
ing IGF-IR bioactivity in serum samples from healthy, non-fasting blood donors (total n
=427), whose ages ranged from 18 to 79 years (median: 44 years).

Both for total IGF-I and IGF-IR bioactivity individual Z-scores were calculated using the
following formula: Z-score = (x-average x/S.D.) where x is the actual total IGF-I level or
IGF-IR bioactivity, average x is the mean total IGF-I level or IGF-IR bioactivity at that age,
and S.D. is standard deviation for the mean at that age.

The sensitivity of the parameters was defined as the percentage of GHD patients with
a value below the lower bound of the normal range (<-2 SD) that is generally used in the
diagnosis of GHD™. A P-value of 0.05 or less was considered statistically significant. Data
were analysed using SPSS 15 for Windows (SPSS Inc., Chicago, IL).
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Table 1. Baseline characteristics of the study population

Mean Range
Physical Measurements
Age (yrs) 526 15.5-79.4
BMI (kg/m2) 29.2 17.9-49.8
(m: 27.9+0.7; f: 30.4+1.1)*
Systolic BP (mmHg) 130.6 96-164
Diastolic BP (mmHg) 80.7 58-102
Waist-to-Hip-Ratio (cm/cm) 1.0 0.8-1.2
(m: 1.01+0.01; f: 0.96+0.01)***
Laboratory tests
Fasting Glucose level (mmol/L) + 4.9 3.0-11.2
Insulin (pmol/L) + 38.5 14-909
Total IGF-I (nmol/L) + 8.2 3.3-23.0
(m: 9.6+0.7; f: 6.9+0.5)***
IGF-IR bioactivity (pmol/L) + 1123 20-500
(m: 125.7+£10.0; f: 99.5+10.8)*

IGFBP-1 (ng/mL) + 235 0.6-131.2
IGFBP-3 (mg/L) 34 1.2-7.1
Duration of GHD (yrs) 8.9 0.0-22.0
GHD-categories
Adult onset- GHD (N of subjects) 78

Functioning pituitary adenoma 22

Non-functioning pituitary adenoma 34

Craniopharyngeoma 10

Empty sella 2

Traumatic 3

Sheehan 2

Total Body Irradiation 4

Idiopathic 1
Childhood onset- GHD (N of subjects) 16

Congenital 8

Empty sella 1

Functioning pituitary adenoma 1

Craniopharyngeoma 4

Traumatic 1

Total Body Irradiation 1
Radiotherapy (N of subjects) 43
Hormonal Deficits
Isolated GH deficiency (N of subjects) 4
Other pituitary deficits (N of subjects)

One 6

Two 17

Three or more 67

Baseline characteristics are shown as mean (or geometric mean (+)) and range.
* p<0.05. ** p<0.01, *** p<0.001 significant differences between males and females.
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RESULTS

Characteristics of the study population

Table 1 shows the characteristics of all GH deficient patients at baseline. 52.1% of the
study population were male and had statistical significantly lower BMI (male: 27.9 £ 0.7
kg/m?; female: 30.4 + 1.1 kg/m? p= 0.04), and higher WHR than females (male: 1.01 +
0.01; female: 0.96 + 0.01; p <0.001).

In addition, compared to females, males had significantly higher total IGF-I levels
(male: 9.6 £ 0.7 nmol/L; female 6.9 £ 0.5 nmol/L; p <0.001) and IGF-IR bioactivity (male:
125.7 + 10.0 pmol/L; female 99.5 + 10.8 pmol/L; p <0.03). Mean Z-scores for total IGF-I
and IGF-IR bioactivity were significantly lower in women than in men (Figure 1). Mean
Z-score for total IGF-l and IGF-IR bioactivity did not differ between women with (N=15)
or without (N=30) oral oestrogen treatment (total IGF-I: p= 0.19; IGF-IR bioactivity: p=
0.75).

IGFBP-1 and IGFBP-3 were not different between males and females (IGFBP-1: male:
0.83 + 0.15 nmol/L; female 1.05 £ 0.19 nmol/L; p=0.27 and IGFBP-3: male: 125.2 + 3.5
nmol/L; female 114.8 + 7.0 nmol/L; p= 0.31).
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Figure 1.

Z-scores of total IGF-I (left) and IGF-IR bioactivity (right) are shown for men and women. The line in the
boxes represents the mean of the data. The boxes extend from the 25th percentile to the 75th percentile
values, the whiskers show the minimum and maximum values of each group. Grey area represents the
normal range (-2 to +2 SD). *** P<0.001

IGF system parameters

Total IGF-1 levels and IGF-IR bioactivity decreased borderline significantly with age (total
IGF-I: r=-0.20, p= 0.06; IGF-IR bioactivity: r= -0.18, p= 0.08, respectively). IGFBP-3 de-
creased significantly with age (r=-0.25, p= 0.02) and IGFBP-1 did not decrease with age
(r=-0.03, p=0.74). Insulin did not change with age (r= 0.07, p= 0.50), while the relation-
ship between fasting glucose and age was borderline significant (r=0.18, p=0.08).
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Total IGF-1 and IGF-IR bioactivity were positively related to IGFBP-3, fasting insulin and
glucose and negatively related to IGFBP-1 (Table 2). Total IGF-I and IGF-IR bioactivity
were positively related to BMI, although not statistically significant (total IGF-I: r= 0.10,
p= 0.34; IGF-IR bioactivity: r=0.14, p=0.19).

Table 2. Pearson s correlations adjusted for age

bi(ig:;:\':ity Total IGF-I IGFBP-3 IGFBP-1 Insulin Glucose
Total IGF-1 -0.39 (¥*¥)
IGFBP-3 -0.41 (¥**) -0.67 (***)
IGFBP-1 -0.38 (***) -0.39 (***) -0.55 (¥**)
Insulin -0.41 (**¥) -0.24 () -0.42 (***) -0.64 (***)
Glucose -0.18 -0.18 -0.32 (**¥) -0.38 (¥**) 0.39 (**¥)
BMI -0.14 -0.10 -0.31 (**¥) -0.46 (***) 0.45 (***) 0.28 (**)

*P< 0.05, **P< 0.01 and *** P < 0.001.

Identification of GHD by total IGF-I and IGF-IR bioactivity

The measurement of IGF-IR bioactivity better distinguished between GH deficient sub-
jects and healthy subjects than total IGF-I (Figure 2). 60 out of 94 (63.8%) patients had
total IGF-I levels below the lower bound of the 95% confidence interval (Cl) while this
was 81.9% for IGF-IR bioactivity (77 out of 94).

Z-scores for total IGF-I were positively related to age (r=0.19, p= 0.06). For IGF-IR bio-
activity Z-scores were negatively related to age (r=-0.28, p= 0.007). Sensitivity for GHD
was 61.7% (58 out of 94 GHD patients) for total IGF-I and 81.9% (77 out of 94) for IGF-IR
bioactivity. Below 40 years of age sensitivity of total IGF-I was 88.2% (15/19) and 73.7%
(14/19) for IGF-IR bioactivity. Above 40 years of age sensitivity of total IGF-l was 57.3%
(43 out of 75) and 84.0% (63 out of 75) for IGF-IR bioactivity.

Childhood onset (CO) vs. Adulthood onset (AO)

In total 16 patients were diagnosed as CO GHD. Of these patients, 14 were aged below
40 years and 2 above 40 years. Age-adjusted total IGF-I and IGF-IR bioactivity were not
different between CO and AO GH deficient subjects (total IGF-I: 9.2 £ 1.5 vs. 8.0 £ 0.5
(p=0.78); IGF-IR bioactivity: 127.0 + 28.6 pmol/L vs. 109.5 + 6.7 pmol/L (p=0.82)).

Duration GHD

There was a significant inverse age-adjusted relationship between IGF-IR bioactivity and
duration of GHD, but not between total IGF-l and duration of GHD (Figure 3).
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Figure 2.

Age distribution of serum total IGF-I levels (upper panel) and IGF-IR bioactivity (lower panel) in 94 patients
diagnosed with GHD (black dots). The shaded area depicts the 95% confidence interval in normal subjects
per decade of age.
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Figure 3.
Relation between duration of GHD and total IGF-I levels (upper panel) and IGF-IR bioactivity (lower panel)
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IGF-I and number of additional pituitary deficits

Figure 4 shows baseline Z-scores of total IGF-I and IGF-IR bioactivity stratified by num-
ber of pituitary hormone deficits. Of the 94 patients, 4 patients had an isolated GHD, 6
patients had one other pituitary deficit, 17 patients had 2 other pituitary deficits and 67
had 3 or more pituitary deficits. With an increasing number of pituitary deficits, sensitiv-
ity of total IGF-I1 measurements increased (being 65% if >3 deficits present). For IGF-IR
bioactivity the sensitivity was independent of the number of pituitary deficits and was
>80% in all groups (Figure 4).

100 -~
80 -
60 -

40

Sensitivity
(% below -2SD)

20 A

Sl

T T T
1 2 >3
Additional pituitary deficits

Figure 4
Sensitivity of total IGF-l measurement (open bars) and IGF-IR bioactivity (black bars) with increasing
number of additional pituitary deficits.

GH treatment naive vs. GH treatment before

Mean IGF-IR bioactivity was significantly lower in patients who had been treated with
GH therapy compared to GH-naive patients, also after adjustment for age and gender
(103.3+£7.4 pmol/L and 189.5 + 18.4 pmol/L, p=<0.001) and also after further adjustment
for duration of GHD and Body Mass Index. Total IGF-I levels did not differ between those
who had been treated before compared to GH-naive patients, neither after adjustment
for age and gender (8.2 £ 0.5 nmol/L and 8.1 £ 0.6 nmol/L, p=0.51) and neither after
further adjustment for duration of GHD and Body Mass Index.

DISCUSSION

The most striking finding in our study was that in adults with GHD, IGF-IR bioactivity
correlates better with GHD as defined by GH stimulation tests than total IGF-I measure-
ments. This suggests that IGF-IR bioactivity can better distinguish GH deficient patients
from healthy subjects and thus offers advantages over the measurement of total IGF-1in
the diagnosis of GHD.
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Our results are in contrast to a previous study by Chen et al, in which the same method
was used to assess IGF-IR bioactivity’. In that study, there was no difference in IGF-IR
bioactivity between GH deficient patients and healthy subjects. However, only a small
number of patients (N=8) was included in that study. In addition, interpretation of
circulating IGF-I measurements is only possible when age-adjusted normal ranges are
available. As we have previously established age-specific normative values for the IGF-IR
KIRA we were able to calculate Z-scores in our GH deficient study population®.

IGF-I measurements were performed in GH deficient subjects that had either not been
treated with GH before or had been withdrawn from GH treatment. In this latter group,
blood was drawn four weeks after discontinuing GH therapy. IGF-IR bioactivity was
significantly lower in patients who had been treated with GH before. Of the 81 patients
who had already been treated with GH, 36 had a medical history of cranial radiotherapy
(44%) compared to 7 out of 13 (54%) in the patients that were GH-naive. However, time
elapsing after radiotherapy was significantly different between both groups (receiving
GH therapy before: 19.6 + 1.8 yrs; GH-naive: 8.1 + 4.5 yrs, p=0.05). The latter may ex-
plain further deterioration of the GH-IGF-I axis during follow up. In addition, long-term
GH-therapy may have influenced insulin sensitivity and thereby IGF-IR bioactivity. On
the other hand, although an IGF-I value of <-2SD after withdrawing GH treatment for
four weeks is generally considered as sufficient evidence of profound GHD, withdrawal
from long-term GH therapy for 4 weeks may have not been enough to re-establish any
residual function of the hypothalamic-pituitary-IGF-1 axis'.

In accordance with Ghigo et al.# total IGF-I levels were more often in the normal
range in GH deficient subjects aged >40 yrs than <40 yrs. In contrast to total IGF-, IGF-
IR bioactivity more frequently remained below -2SD in subjects >40 yrs. This suggests
that circulating IGF-IR bioactivity is a better marker of GH action throughout lifespan. In
favour of this argument, IGF-IR bioactivity significantly decreased with longer duration
of GHD, while such relationship was not found for total IGF-I.

With increasing age the contribution of GH to circulating total IGF-I levels appears to
diminish, making total IGF-I a less useful diagnostic marker of GHD'. So, although total
IGF-1 levels are often reduced in adult GHD, a normal concentration does not exclude
the diagnosis of GHD* 2. Therefore, diagnosis of GHD remains based on a decreased GH
response to a provocative test>'>'3. Moreover, during therapy GH dose is titrated against
total IGF-I levels and the Consensus guidelines advise that"...values should be kept in the
age-related normal range”'. Thus the values of total IGF-I can be normal to begin with
and yet that is the goal of therapy'. Our study suggests that measurement of IGF-IR
bioactivity may help to solve this doublespeak, since IGF-IR bioactivity was lowered in a
substantial number of GH-deficient subjects who had total IGF-I levels within the normal
range.
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Total IGF-I levels and IGF-IR bioactivity were significantly lower in females than in
males. This is in agreement with previous findings''”. However, although administra-
tion of oral estrogens is known to decrease IGF-I levels'®', we did not find differences
in total IGF-I levels nor in IGF-IR bioactivity between untreated GH deficient women
receiving oral estrogens and those who did not. This may be due to the small number of
women on oral estrogens or just because the remaining IGF-I levels of these untreated
GH deficient women could not become any lower.

Although it has been reported that the combination of =3 pituitary hormone deficits
and a serum total IGF-I concentration <11nmol/L predicts adult GHD with 95% accu-
racy®, many patients with GHD have <3 pituitary hormone deficits. Our study showed
that the sensitivity of IGF-IR bioactivity was high and independent of the number pitu-
itary deficits, whereas the sensitivity of total IGF-I decreased with decreasing number
of pituitary deficits. Again, this suggests that circulating IGF-IR bioactivity is a better
marker for diagnosing GHD than total IGF-I.

GH provocative testing is considered as the gold standard for diagnosing GHD.
However, cut-off levels of GH levels currently used are arbitrary? In addition, none of
the currently used GH provocative tests satisfactorily mimic the normal secretory GH-
pattern and there is poor reproducibility of the GH provocative tests?'. So, which GH
level is truly normal or abnormal with respect to total IGF-I levels or other aspects of GH
action is not clear'. Yet, there are no studies in which clinical responses to GH therapy
have been related to the level of total IGF-I before starting treatment'. Such studies
might give some objective criteria as to whom might benefit the best from GH therapy'.
It would be interesting to compare measurements of total IGF and IGF-IR bioactivity in
this respect and to find out whether patients with low total IGF-I and/ or especially low
IGF-IR bioactivity are those patients who respond best to GH therapy.

In conclusion, IGF-IR bioactivity correlated better with GHD as defined by GH stimula-
tion tests than total IGF-I measurements, especially in subjects >40 years of age. In ad-
dition, for IGF-IR bioactivity, in contrast to total IGF-I, sensitivity was independent of the
number of pituitary deficits. Moreover, IGF-IR bioactivity decreased with the duration
of GHD, whereas total IGF-I did not. Taken together, this suggests that determination
of IGF-IR bioactivity may offer advantages over total IGF-I in the evaluation of adult
GHD. Further studies are needed to confirm our findings and to investigate whether it
is possible to develop criteria for diagnosing GHD based on the measurement of IGF-IR
bioactivity.
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ABSTRACT

Aim: No relation has been found between improvement in quality of life (QoL) and
total IGF-I during GH therapy. The aim of this study was to investigate the relationship
between IGF-IR bioactivity and QoL in GH deficient patients receiving GH for 12 months.

Methods: 106 GH deficient patients; 84 on GH treatment discontinued therapy 4 weeks
before establishing baseline values, 22 were GH-naive. IGF-IR bioactivity was determined
by IGF-IR KIRA assay, total IGF-I by immunoassay (Immulite), QoL by disease-specific
Question on Life Satisfaction Hypopituitarism (QLS-H) Module and by the general SF-36
questionnaire (SF-36Q).

Results: IGF-IR bioactivity increased after 6 months (-2.5SD vs. -1.9SD, p<0.001) and did
not further increase after 12 months (-1.85D, p=0.23); total IGF-I increased from -2.35D
t0 -0.9SD (p<0.001) and to -0.6SD (p=0.005), respectively.

QLS-H did not change over 12 months (-0.66+0.16SD to -0.56+0.17SD (p=0.42), to
-0.68+0.17SD (p=0.22)).

The mental component summary (MCS) of the SF-36Q increased from 47.4 [38.7-52.8]
to 50.2 [43.1-55.3] (p=0.001) and did not further improve (49.4 [42.1-54.1], p=0.19); the
physical component summary (PCS) did not change (47.5 [42.0-54.2] vs. 47.0 [41.9-55.3],
p=0.91, vs. 48.3 [39.9-55.4], p=0.66).

After 12 months, IGF-IR bioactivity was related to QLS-H (r=0.28, p=0.01); total IGF-I
was not (r=0.10, p=0.37). IGF-IR bioactivity and total IGF-I were related to PCS (r= 0.35,
p=0.001 and r= 0.31, p=0.003).

Conclusion: IGF-IR bioactivity remained subnormal after GH treatment and was positively
related to QLS-H, while total IGF-I was not. This suggests that IGF-IR bioactivity reflects
different aspects of QoL than total IGF-I in GH deficient patients during GH treatment.



IGF-I receptor bioactivity and QoL in GHD

INTRODUCTION

Growth hormone deficiency (GHD) is recognized to result in alterations in body compo-
sition, glucose and lipid metabolism, bone metabolism and physical performance’. The
beneficial effects of long-term growth hormone (GH) replacement on body composition
and metabolism in patients with GHD are well documented’. In addition to metabolic
disturbances in GHD, quality of life (QoL) is impaired®*. Evaluations of QoL, one of the
key clinical endpoints, have shown a high degree of variability although it has been
found to improve with GH replacement therapy when determined by disease specific
questionnaires>°.

Until now, no correlations have been found between changes in QoL and total IGF-I
concentrations during GH replacement®.

During GH therapy, GH dose is titrated against total (extractable) IGF-I concentrations
since GH is considered to be the main regulator of circulating IGF-I concentrations'.
According to consensus guidelines, total IGF-I values should be kept in the age-related
normal range'. In a substantial fraction of patients diagnosed as GH deficient, total IGF-I
concentrations are within the normal range before starting GH therapy™.

Many of the methods currently used for measurement of circulating total IGF-I are
hampered by interferences of IGF-binding proteins (IGFBPs) remaining after extrac-
tion™. On the other hand, by extracting IGFBPs, the modifying effects of these proteins
on IGF-I action are ignored. In 2003 a kinase receptor activation (KIRA) bioassay was
developed by Chen et al.’® to measure IGF-IR bioactivity at physiological conditions. The
principle of this assay is based on quantification of IGF-I receptor (IGF-IR) activation after
stimulation with serum in vitro'. In this way bioavailable IGF-I is quantified while taking
into account the modifying effects of IGFBPs. It has been suggested that IGF-IR bioactiv-
ity is more sensitive than total IGF-I to detect differences in clinical state'®. Previously we
demonstrated that IGF-IR bioactivity offers advantages over total IGF-I in the diagnostic
evaluation of adult GHD™.

The aim of the present study was to investigate the value of IGF-IR bioactivity in moni-
toring QoL in patients with GHD treated with GH for 12 months.

PATIENTS AND METHODS

Study population

106 Patients diagnosed with GHD by GH-provocative tests were included in the present
study. 84 patients were diagnosed as Adult Onset GH deficiency (AO-GHD) and 22 as
Childhood onset GH deficiency (CO-GHD). 84 patients had already been treated with
recombinant human GH, 22 patients were GH-naive.
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For the diagnosis of GHD, patients with multiple pituitary hormone deficits had to have
a serum GH peak below the cut-off value in one GH provocative test (arginine-GHRH
test: GH peak< 16.5 pg/L, insulin tolerance test: GH peak< 5.0 pug/L) and patients with
isolated GHD needed two GH provocative tests. Subjects using hormone replacement
therapy for additional pituitary deficits had to be on an optimized treatment regimen
for at least three months prior to inclusion. Inclusion and exclusion criteria have been
previously described™. From all subjects informed consent was obtained and the study
was approved by the medical ethics committee of Erasmus MC.

Study design

After inclusion, all 84 patients who had already been treated with recombinant human
GH were asked to discontinue GH treatment for 4 weeks after which baseline values
were established. Patients were studied at baseline and at 6 and 12 months after start-
ing GH therapy. The 84 patients were using different brands of recombinant human
GH (Genotropin (Pfizer) (n=4), Humatrope (Eli Lilly) (n=68). Norditropin (Novo Nordisk)
(n=8), Nutropinaq (Ipsen) (n=1) and Zomacton (Ferring) (n=3). No patient was switched
from one recombinant GH product to another. The 22 GH-naive patients were studied
before starting GH therapy and at 6 and 12 months thereafter. In 14 of the GH-naive
patients Norditropin was started, while in 8 patients Nutropinaq was started. GH dose
was adjusted targeting serum total IGF-I concentrations to the middle (Z-score=0) of
the normal gender- and age-related reference values for the healthy population™. The
following laboratory assessments were conducted in the fasting state: bioactive IGF-I,
total IGF-I, insulin, glucose, IGFBP-1, and IGFBP-3. Moreover, body weight, height, blood
pressure, body mass index (BMI), and waist to hip ratio (WHR) were calculated. Quality
of life (QoL) was measured by the Question on Life Satisfaction Hypopituitarism Module
(QLS-H)"® and the SF-36 questionnaire (SF-36Q)?*22, Duration of GHD was defined as the
time that had elapsed since GHD diagnosis (confirmed by a GH provocative test) up to
the date of inclusion in this study.

Blood measurements

The IGF-IR KIRA assay has been previously described'®". Briefly, IGF-I binding to the IGF-
IR results in autophosphorylation of tyrosine residues located within the intracellular
kinase domain, being the first step in the intracellular signalling cascade. The IGF-IR KIRA
assay uses a human embryonic kidney (HEK) cell line that is stably transfected with the
human IGF-IR gene (HEK IGF-IR) and quantifies phosphorylation of tyrosine residues
of the transfected IGF-IR to assess IGF-IR bioactivity. All measurements were done in
duplicate. The intra-and interassay CVs were below 15%.

Serum total IGF-I, IGFBP-3 and insulin were measured by a solid-phase, enzyme-
labelled chemiluminescent immunometric assays (intra-assay CVs were 3.9%, 4.4% and
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3.3-5.5% and inter-assay CVs were 7.7%, 6.6% and 4.1-7.3% respectively) (Immulite 2000
supplied by Siemens Medical Solutions Diagnostics, Los Angeles, and USA).

Both total IGF-I concentrations and IGF-IR bioactivity were compared with the age-
specific normative range values for IGF-I that have been published before'” 2. For
total IGF-I normal values have been established in serum samples collected from 1584
healthy individuals, neonates, infants, children, adolescents and adults up to the age
of 88 years by an enzyme-labelled chemiluminescent immunometric assays (Immulite
2000)%. In the present study, total IGF-I concentrations were also measured by Immulite
2000. In our laboratory we monitored the IGF-I batch-to-batch variation by internal
controls. The coefficient of variation determined at concentrations of 6.5 to 34.9 nmol/L
was 3.7-10.9%. Quality assessment by the SKML (Dutch Foundation for Quality Assess-
ment in Clinical Laboratories) showed that the batch to batch variation of the total IGF-I
Immulite assay between 2008-2012 was relatively small during these years.

The normal ranges for IGF-IR bioactivity have been previously published by our group
and were established by measuring IGF-IR bioactivity in serum samples from healthy,
non-fasting blood donors (total n = 427), whose ages ranged from 18 to 79 years (me-
dian: 44 years)".

Both for total IGF-I and IGF-IR bioactivity individual Z-scores were calculated using the
following formula: Z-score = (x—average x/S.D.) where x is the actual total IGF-I level or
IGF-IR bioactivity, average x is the mean total IGF-I level or IGF-IR bioactivity at that age,
and S.D. is standard deviation for the mean at that age.

For the measurements of bioactive IGF-I, samples from the same patient at different
time points were assayed in one assay run, while total IGF-I concentrations were sepa-
rately determined after each visit since, total IGF-I was used to adjust GH dose.

Quality of Life (QoL) measurements

Questions on Life Satisfaction-Hypopituitarism (QLS-H) Module

The QLS-H module has been developed to assess the specific issues faced by adult
patients with GHD’. It is self-administered and subjects must initially indicate how
important a certain dimension of QoL is to them and then their degree of satisfaction
with that dimension. The total QLS-H score is obtained by adding the individual item
scores of nine dimensions and can range from -108 (representing very low satisfaction)
to +180 (representing very high satisfaction)’. Reference ranges of total QLS-H scores
have been constructed separately for each country by gender, using age as a continuous
independent variable, as previously described. Results were expressed as Z-scores based
on these reference ranges. Z-score= [QLS-H score - mean(age)l/sd(age) for the general
population of the particular country’.
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Short form (SF) Health Survey-36 questionnaire (SF-36Q)

The SF-36 Health Survey is a widely used generic measure of health status®. The mental
and physical component summeries (MCS and PCS, respectively) of the SF-36Q were
calculated by standardizing the subscale scores using a linear Z-score transformation
using national (Dutch) means and standard deviations. Then, Z-scores were multiplied
by the US subscale factor score coefficients for PCS and MCS and summed over all eight
subscales. Finally, T-scores were calculated by multiplying the obtained PCS en MCS
sums by 10 and adding 50 to the product, to yield a mean of 50 and a standard deviation
of 10 for the norm population®.

Statistics

The clinical characteristics of the study population are presented as mean with ranges
or SE. For data that did not meet the criteria for normality, logarithmic transformations
were applied and are presented as geometric mean with ranges or 95% Cl or if loga-
rithmic transformation did not normalize data as median with interquartile range. The
Kolmogorov- Smirnov-test was used to test normality of variables (data were considered
to be normally distributed when P> 0.05). An unpaired t-test/ one-way ANOVA or Mann-
Whitney/ Kruskal-Wallis test were used to test differences in continuous variables within
a visit, differences in categorical variables were tested by using the Chi-Squared test.
A paired t-test or a Wilcoxon Signed Ranks test were used to test differences between
baseline and 12 months of GH therapy. Age adjusted Pearson'’s correlation coefficients
were calculated to assess the associations between variables that were normally dis-
tributed. Spearman’s correlation coefficient was used if they were not. A P-value of 0.05
or less was considered statistically significant. Data were analysed using SPSS 17 for
Windows (SPSS Inc., Chicago, IL).

RESULTS

Baseline characteristics

Baseline characteristics are shown in Table 1 and 2. 50.9% of the study population was
male. 38% of the participants had total IGF-I levels >-2SD despite a proven GHD by a
decreased GH response in provocative test (Figure 1 bottom right) while this was 22%
for IGF-IR bioactivity (Figure 1 top).

Mean Z-scores for IGF-IR bioactivity and total IGF-I were significantly higher in males
than in females (IGF-IR bioactivity: -2.3 £ 0.1 vs. -2.8 + 0.1 SD, p=0.006; total IGF-1: -1.9 £
0.2 vs.-2.6 £0.1 SD, p=0.001). Differences for total IGF-I remained when only women not
using estrogens (69% of all females) were compared to males.
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Table 1. Baseline characteristics of the study population

Mean Range
Physical Measurements
Age (yrs) 54.0 18.0-79.4
BMI (kg/m2) 284 17.9-49.8
Systolic BP (mmHg) 129 96-164
Diastolic BP (mmHg) 80 58-102
WHR (cm/cm) 0.98 0.74-1.19
Laboratory tests
Fasting Glucose level (mmol/L) 4.7% 3.0-11.2
Insulin (pmol/L) 35 13-909
Total IGF-I (nmol/L) 8.1 2.7-23.0
IGF-IR bioactivity (pmol/L) 115 20-337
IGFBP1 (ug/L) 23.0 0.4-131.2
IGFBP3 (mg/L) 34 1.2-7.1
Duration of GHD (yrs) 9.5* 0-22
GHD-categories (N of subjects)
AO- GHD 84
CO-GHD 22
GH-naive 22 E
Previous GH treatment 84 'é
Aetiology (N of subjects) 6
Congenital 10
Functioning pituitary adenoma 24
Non-functioning pituitary adenoma 37
Craniopharyngeoma 15
Empty sella 4
Traumatic 4
Sheehan 3
Irradiation 8
Idiopathic 1

Baseline characteristics are shown as mean (or median (#)) and range.
WHR: Waist-to-Hip Ratio; IGF: insulin-like growth factor; IGFBP: insulin-like growth factor binding protein;
GHD: growth hormone deficiency; AO: adult-onset; CO: childhood-onset; GH: growth hormone

20.8% of the study population was diagnosed as CO-GHD. Mean Z-scores for IGF-IR
bioactivity and total IGF-I were not different between CO-GH deficient patients vs. AO-
GHD patients (IGF-IR bioactivity: -2.5 £ 0.1 vs. -2.6 £ 0.1 SD, p=0.78; total IGF-I: -2.4 £ 0.2
vs.-2.2 + 0.1 SD, p= 0.48).

20.8% of the study population was GH-naive. Mean Z-scores for IGF-IR bioactivity and
total IGF-I were not different between GH-naive patients vs. patients who had been
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previously treated with GH (IGF-IR bioactivity: -2.3 £ 0.1 vs.-2.6 + 0.1, p=0.08; total IGF-I:
-2.5+0.2vs.-2.2 £ 0.1, p=0.23).

The overall mean QLS-H Z-score was -0.66 + 0.17. The overall median MCS and PCS of
the SF-36Q were 47.4 [38.7-52.8] and 47.5 [42.2-54.2], respectively.

QLS-H Z-scores were not different between patients within various subgroups (Table
2). Within the same subgroups, the MCS was not different (data not shown). In contrast,
on the PCS, males scored significantly higher than females 50.8 [44.8-54.9] vs. 45.0
[35.4-50.5], p=0.01, respectively). In addition, patients with CO-GHD scored significantly
higher on the PCS than AO-GHD patients (52.8 [45.8-55.8] vs. 46.4 [37.3-53.2], p= 0.01,
respectively).
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Figure 1.
A. Geometric mean (and 95% Cl) of IGF-IR bioactivity (pmol/L) before and after 12 months of GH
therapy.
B. Geometric mean (and 95% Cl) of total IGF-I concentrations (nmol/L) before and after 12 months of GH
therapy.

C. Z-scores of IGF-IR bioactivity before and after 12 months of GH therapy. The line in the boxes
represents the mean of the data. The boxes extend from the 25th percentile to the 75th percentile;
the whiskers show the 10 to 90% confidence interval. Grey area represents the normal range (-2 to +2
SD).

D. Z-scores of total IGF-I before and after 12 months of GH therapy. The line in the boxes represents the
mean of the data. The boxes extend from the 25th percentile to the 75th percentile; the whiskers
show the 10 to 90% confidence interval. Grey area represents the normal range (-2 to +2 SD).
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Relationships between IGF-I parameters and QoL measures at baseline

At baseline, there were no significant (age-adjusted) correlations between IGF-IR bioac-
tivity or total IGF-I and QLS-H Z-scores (IGF-IR bioactivity: r=0.16, p=0.13; total IGF-I: r=
0.03, p=0.82).

In addition there were no correlations between IGF-IR bioactivity or total IGF-I and
the MCS (IGF-IR bioactivity: r=-0.11, p=0.28; total IGF-I: r=0.05, p=0.62) or the PCS of the
SF-36Q (IGF-IR bioactivity: r=0.16, p=0.11; total IGF-I: r=0.17, p=0.10).

GH doses and IGF-I concentrations after 12 months of GH therapy

At 12 months the median GH dose was 0.20 mg/day [0.10-0.30]. Males used signifi-
cantly lower GH doses than females (0.20 [0.10-0.30] vs. 0.30 [0.15-0.40], p=0.02). IGF-IR
bioactivity increased from 115 [95%Cl 103-127] pmol/L (Z-score -2.55D) to 176 [95%Cl
160-196] pmol/L (Z-score -1.7SD) after 6 months (p<0.001) and did not further increase
after 12 months (183 [95%Cl 164-204], Z-score=1.85D) (p=0.18) (Figure 1A). Total IGF-I
increased from 8.1 [95%Cl 7.3-8.9] nmol/L (Z-score -2.3SD) at baseline to 13.9 [95%Cl
12.7-15.3] nmol/L (Z-score -0.6SD) at 6 months (p<0.001) and further increased to 14.9
[95% 13.5-16.4] (Z-score=-0.6SD) at 12 months (p=0.04) (Figure 1B). After 12 months of
GH therapy, only 50% of patients had IGF-IR bioactivity values within the normal range,
compared to 81% for total IGF-I concentrations (Figure 1C-D).

Qol measures after 12 months

QLS-H Z-score

QLS-H did not change over 12 months (from -0.66+0.165SD at baseline to -0.56+0.17SD
after 6 months (p=0.42), to -0.68+0.17SD after 12 months (p=0.22)). Overall, the QLS-H
Z-scores were not different between patients within the subgroups, although patients
>65 years of age tended to have highest QLS-H Z-scores and reported significantly
higher QLS-H Z-scores compared to patients aged 45-55 (p=0.02) (Table 2). In this sub-
group, GH treatment had increased QLS-H Z-scores whereas in patients aged <25 yrs,
QLS-H Z-scores had significantly decreased. In the latter subgroup total IGF-I and IGF-IR
bioactivity had not increased significantly over time (p=0.14 and p=0.07 respectively),
whereas in patients aged above 65 yrs both total IGF-l and IGF-IR bioactivity significantly
increased (p=0.002 and p<0.05, respectively).

Interestingly, at 12 months, patients with IGF-IR bioactivity within the normal range
had significantly higher QLS-H Z-scores compared to patients with IGF-IR bioactivity
below the normal range (-0.19 + 0.22 vs. -0.88 + 0.21, p=0.02), see Figure 2. This differ-
ence was not found for total IGF-I (>-2SD vs. <-2SD: -0.46 + 0.16 vs.-1.10 + 0.45, p=0.12),
Figure 2.



IGF-I receptor bioactivity and QoL in GHD

_ Total IGF-I IGF-IR Bioactivity
o
w2
oe 0
50
[*]
8 €
N .
T3
&
<
(¢]

- /
p=0.02
Figure 2.

Comparison of QLS-H Z-scores after 12 months of therapy in patients with IGF-IR bioactivity or total IGF-I
below (black bars) or above (white bars) -2SD. QLS-H Z-scores are shown as mean+SEM.

SF-36 component summaries

The MCS of the SF-36Q increased from 47.4 [38.7-52.8] at baseline to 50.2 [43.1-55.3]
at 6 months (p=0.001) and did not further improve after 12 months (49.4 [42.1-54.1],
p=0.19). In addition, the MCS of the SF-36Q was not different at 12 months compared
to baseline (p=0.12). At 6 and at 12 months the MCS was not different between patients
within the various subgroups described above (data not shown).

Over 12 months, the physical component summary (PCS) did not change (47.5 [42.0-
54.2]vs.47.0 [41.9-55.3], p=0.91, vs. 48.3 [39.9-55.4], p=0.66). Males scored higher on the
PCS than females throughout the treatment period (6 months: 49.1 [44.0-56.9] vs. 45.5
[40.0-51.8], p=0.01; 12 months: 49.5 [43.7-56.7] vs. 45.90 [36.0-53.4], p=0.03). In addition,
throughout the treatment period, CO-GH deficient patients scored higher on the PCS
than AO-GH deficient patients (6 months: 52.4 [45.2-58.2] vs. 45.9 [40.0-53.4], p=0.01; 12
months: 54.2 [48.2-58.2] vs. 46.5 [37.7-54.6], p=0.002).

Interestingly, at 12 months, patients with total IGF-I concentrations within in the
normal range scored significantly higher on both the MCS and PCS than patients with
subnormal IGF-I concentrations (MCS: 51.1 [44.6-55.0] vs. 42.1 [31.9-48.9], p=0.005; PCS:
49.0 [42.3-55.4] vs. 41.0 [33.7-49.9], p=0.02) (Figure 3). In contrast, such differences were
not found for IGF-IR bioactivity (>-2SD vs. <-25D; MCS: 50.7 [43.1-55.8] vs. 48.7 [40.1-
53.1], p=0.37; PCS: 48.8 [43.0-56.7] vs. 45.1 [37.4-54.7], p=0.09) (Figure 3).

Relationships between IGF-I parameters and QoL measures after 12 months of GH
therapy

At 12 months, there was a significant positive (age-adjusted) correlation between QLS-H
Z-score and IGF-IR bioactivity (r=0.28, p=0.01), but not between QLS-H Z-score and total
IGF-I (r=0.10, p=0.37) (Figure 4).
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Figure 3.

MCS and PCS after 12 months of GH therapy.

A. Comparison of MCS of the SF-36Q in patients with IGF-IR bioactivity or total IGF-I below (white bars) or
above (grey bars) -2SD. MCS is shown as median-+interquartile range.

B. Comparison of PCS of the SF-36Q in patients with IGF-IR bioactivity or total IGF-I below (white bars) or
above (grey bars) -2SD. PCS is shown as median+interquartile range.
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Figure 4.

Relationship between QLS-H Z-scores and the natural logarithm of IGF-IR bioactivity (left panel) and total
IGF-I concentrations (right panel) after 12 months of GH therapy.

There was no correlation between the MCS and IGF-IR bioactivity (r= 0.21, p=0.06) or
total IGF-I (r=0.16, p=0.13). There was a significant positive correlation between the PCS
and IGF-IR bioactivity (r=0.35, p=0.001) and total IGF-I (r=0.31, p=0.003).

DISCUSSION

The QLS-H module is more likely to identify impairments related to the GH deficiency
and eventually benefits of GH treatment than the SF-36Q, which was designed to evalu-
ate QoL in the general population®>?. Twelve months of GH replacement therapy of GHD
patients did not significantly improve QoL as measured by the disease-specific QLS-H
module.
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Our results are in contrast to previously published data from Rosilio et al., who report-
ed a significant increase in QLS-H Z-scores after 1 yr of GH treatment in a much larger
cohort of GHD patients®. The study by Rosalio was performed in 7 countries including
the Netherlands. In contrast to that study, in our study the majority of patients was not
GH-naive and had already been substituted for GH and other pituitary hormonal deficits
for many years.

In our study baseline QLS-H Z-scores were established after 1 month off GH treat-
ment. One month off GH treatment is generally considered to be long enough to restore
baselines values for biochemical parameters such as IGF-IR bioactivity and total IGF-I,
that existed before the start of the GH therapy®. However, our study suggests that this
may not be long enough to obtain QoL values back to the level before GH therapy was
first started. The fact that baseline QLS-H Z-scores were higher in our study than in the
study of Rosalio et al. is in support of this latter possibility. As to yet there is no clear
consensus how long a minimal holiday from GH-treatment should be to obtain QoL
values back to the level before GH therapy was first started, although a recent study
reported significant changes in QoL after 4 months of GH withdrawal?’.

The potential degree of improvement in QoL is generally proportional to the deviation
from normality before start of GH therapy?®. Poorer pretreatment QoL is usually associ-
ated with a greater improvement in QoL after administration of GH?°. Thus the relatively
high baseline QLS-H Z-scores in our study at baseline are probably an important factor
for the lack of improvement in Qol after restarting GH therapy. However, QLS-H Z-scores
also did not significantly increase after 12 months of GH replacement therapy in GH-
naive patients. This may be due to the small sample size of GH-naive patients since GH
replacement has been found to improve QoL only with a small effect size*’. Moreover,
we found that patients with a longer duration of GHD (and thus a longer exposure time
to GH treatment) tended to have higher QLS-H Z-scores than patients with a shorter
duration of GHD (Table 2). The latter suggests that GH therapy may further improve QoL
even after many years of GH replacement therapy.

At baseline there was no correlation between IGF-IR bioactivity or total IGF-l and QLS-
H Z-score. Both IGF-IR bioactivity and total IGF-I significantly increased after 12 months
of GH therapy. Although the disease specific QLS-H Z-score had not improved after 12
months, it was significantly correlated to IGF-IR bioactivity but not to total IGF-I. Even
more strikingly, we found that in patients in whom IGF-IR bioactivity had not normalized
after 12 months, QLS-H Z-scores were significantly lower compared to patients in whom
IGF-IR bioactivity had normalized. This discrepancy was not found for total IGF-I.

During GH replacement therapy GH dose was titrated against total IGF-I concentra-
tions and according to recent guidelines, serum IGF-I concentrations were targeted to
the middle (Z-score=0)". Nevertheless, after 12 months, IGF-IR bioactivity was still below
normal in more than 40% of patients in whom total IGF-I had normalized.
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After twelve months of GH replacement therapy both the MCS and the PCS of the
SF-36Q had not changed. Only the PCS was positively related to both total IGF-l and IGF-
IR bioactivity. Patients with total IGF-I concentrations within the normal range scored
significantly higher on the MCS and PCS than patients with IGF-I concentrations below
the normal range, while for IGF-IR bioactivity such differences were not found. Our study
shows that total IGF-I was more strongly related to changes in the SF-36Q than IGF-IR
bioactivity. However, as above discussed, the SF-36Q is a generic instrument, that in
contrast to the QLS-H, does not consider QoL parameters that are particular relevant for
adult GHD patients’ 3!

Previous studies have suggested that the IGF-IR KIRA assay is more sensitive than
the common total IGF-l immunoassays to detect differences in clinical state’. Indeed,
previously we have shown that IGF-IR bioactivity, compared to total IGF-I, better distin-
guished between untreated GH deficient patients and healthy subjects™.

Our data suggest that IGF-IR bioactivity, compared to total IGF-I, reflects different as-
pects of QoL during GH replacement therapy of GH deficient patients. In addition, IGF-IR
bioactivity was still below normal in more than 40% of patients, despite normalization
of total IGF-I. In this respect, it would be interesting to study QLS-H scores in this latter
subgroup using IGF-IR bioactivity as parameter to titrate GH dose.

Several limitations of our study should be addressed. Our study had not a random-
ized placebo-controlled design and GH was titrated on the results of total IGF-I con-
centrations, but IGF-IR bioactivity was not taken into account. Evaluation of effects of
GH replacement is complex: IGF-I concentrations and IGF-IR bioactivity are regulated
by many factors other than GH, such as nutrition, the immune system, insulin, cortisol,
oestrogen, and last but not least genetic factors®233, Many other factors other than IGF-I
determine QoL.They include (abnormal) body composition, decreased exercise capacity,
metabolic disturbances, possible neuroendocrine effects in the central nervous system
and comorbidities®'. There is evidence that the clinical manifestations and ‘experience’
of GHD in adulthood differs according to whether the patient acquired their disease in
childhood or adulthood?*. Unfortunately, the study was not powered to assess differ-
ences in QoL between subjects with adult-onset vs. childhood-onset GHD or to access
differences between patients with different underlying disease or to study the effect of
co-replaced hormones. In addition, the duration of follow-up was relatively short and
some GH-mediated effects may only become manifest after long-term GH treatment.

In conclusion, twelve months GH replacement treatment of patients with adult GHD
did not significantly improve QoL as measured by the disease-specific QLS-H module.
After 12 months, despite normalization of total IGF-I, IGF-IR bioactivity remained
subnormal in many subjects after GH treatment. Patients in whom IGF-IR bioactivity
had normalized had a significantly higher QLS-H Z-score than patients in whom IGF-IR
bioactivity had not normalized. Finally, there was a positive relationship between IGF-IR
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bioactivity and the disease specific QLS-H module, whilst this relationship was absent
for total IGF-1. In contrast, total IGF-I was more strongly related to changes in the general
SF-36Q than IGF-IR bioactivity. This suggests that IGF-IR bioactivity may better reflect
disease specific QoL in GH-deficient patients than total IGF-I and that both measure-
ments reflect different aspects of QoL.
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ABSTRACT

Aim: Previously we demonstrated that IGF-IR bioactivity offers advantages in the diag-
nostic evaluation of adult GHD. It is unknown whether IGF-IR bioactivity can be used to
monitor GH therapy. The aim of the present study was to investigate the value of IGF-IR
bioactivity for monitoring GH therapy.

Methods: 106 patients (54 m; 52 f) diagnosed with GHD by GH-provocative tests were
included; 22 were GH-naive, 84 were already on GH treatment and discontinued therapy
4 weeks before baseline values were established. IGF-IR bioactivity was determined by
the IGF-IR KIRA assay, total IGF-I by immunoassay (Immulite). GH doses were titrated to
achieve total IGF-I levels within the normal range.

Results: After 12 months, total IGF-1 and IGF-IR bioactivity significantly increased (total
IGF-I from 8.1 [95%Cl 7.3-8.9] to 14.9 [95%Cl 13.5-16.4] nmol/l; IGF-IR bioactivity from
115 [95%CI 104-127] to 181 [95%CI 162-202] pmol/l). Total IGF-I was within the normal
range in 81% of patients, IGF-IR bioactivity in 51% and remained below normal in more
than 40% of patients in whom total IGF-I had normalized. IGF-IR bioactivity was positive
related to beta-cell function, while total IGF-I was inversely related to percentage body
fat.

Conclusions: During 12 months of GH treatment of GH deficient patients, changes in
IGF-IR bioactivity did not parallel changes in total IGF-I. Despite normalization of total
IGF-I, IGF-IR bioactivity remained subnormal in a considerable proportion of patients
suggesting a relative undertreatment of GHD. At present it is unclear whether our results
have any consequences for GH therapy in clinical practice.
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INTRODUCTION

Growth hormone deficiency (GHD) in adults is characterised by perturbations in body
composition, carbohydrate and lipid metabolism, bone mineral density, cardiovascular
risk profile and quality of life’ 2. At present, diagnosis is made on the basis of one (or two)
abnormal provocative tests (GHRH-arginine test or insulin tolerance test3. Although GH
is considered to be the main regulator of circulating insulin-like growth factor-I (IGF-I),
there is a significant overlap of IGF-I levels between healthy and GH deficient subjects.
Up to half of all individuals with confirmed GHD have IGF-I levels within the low-normal
age-dependent range*S. Recent studies have demonstrated that increased IGF-I levels in
healthy subjects are predictive of increased risk of breast-, colon and prostate cancer” .

During GH therapy GH dose is titrated against total IGF-I levels and the consensus
guidelines advise that “values should be kept in the age-related normal range” . Thus,
the values of total IGF-I can be normal to begin with and yet that is the goal of therapy.
Previous studies have shown that the relationship between serum IGF-I response dur-
ing GH treatment and other treatment effects such as metabolic endpoints and body
composition is poor'?', In addition it has been reported that long-term monitoring of
GH therapy by using age- and sex-adjusted normal serum total IGF-I values, might lead
to different dose adjustments when different total IGF-l immunoassays are used'.

Many of the methods currently used for measurement of circulating total IGF-I are
hampered by interferences of IGF-binding proteins (IGFBPs) that remain after extrac-
tion™. On the other hand, by extracting IGFBPs, the modifying effects of these proteins
on IGF-I action are ignored. In 2003, a kinase receptor activation (KIRA) bioassay was
developed by Chen et al. to measure IGF-IR bioactivity at physiological conditions'®. The
principle of this assay is based on quantification of IGF-I receptor (IGF-IR) activation after
stimulation with serum in vitro's. In this way bioavailable IGF-1 is quantified while taking
into account the modifying effects of IGFBPs. Previously, we demonstrated that IGF-IR
bioactivity offers advantages over total IGF-l in the diagnostic evaluation of adult GHD®.
As such it can be hypothesized that the measurement of IGF-IR bioactivity can also be
used to monitor GH therapy. The aim of the present study was to investigate the value of
IGF-IR bioactivity for monitoring GH therapy.

PATIENTS AND METHODS

Study population

This study population has been previously described'. Briefly, 106 Patients diagnosed
with GHD by GH-provocative tests were included in the present study. 84 patients were
diagnosed as Adult Onset GH deficiency (AO-GHD) and 22 as Childhood onset GH de-
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ficiency (CO-GHD). 84 patients had already been treated with recombinant human GH,
22 patients were GH-naive. 4 Patients had isolated GD, 11 patients had one additional
pituitary hormone deficiency, 23 patients had two additional pituitary hormone defi-
ciencies, 68 patients had had three or more additional pituitary hormone deficiencies.

For the diagnosis of GHD, patients with multiple pituitary hormone deficits had to
have a serum GH peak below the cut-off value in one GH provocative test (arginine-
GHRH test: GH peak< 16.5 pg/L, insulin tolerance test: GH peak< 5.0 pug/L) and patients
with isolated GHD needed two GH provocative tests. Inclusion criteria were: 1. Male or
female patients between 18-80 years, 2. Written voluntary informed consent, 3. Subjects
using hormone replacement therapy for additional pituitary deficits had to be on an
optimized treatment regimen for at least three months prior to inclusion. Exclusion
criteria were: 1. Patients who had received certain types of therapies for other reasons
such as radiotherapies, surgeries, chemo-or immunotherapies in the three months prior
to study start, 2. Female patients who were pregnant or lactating, or who wanted to be-
come pregnant within one year. 3. Subjects who, in the judgement of the investigators,
were likely to be non-compliant or uncooperative during the study. From all subjects
informed consent was obtained and the study was approved by the medical ethics com-
mittee of Erasmus MC.

Study design

After inclusion, all 84 patients who had already been treated with recombinant human
GH were asked to discontinue GH treatment for 4 weeks. All patients were studied at
baseline and 12 months. The 84 patients were using different brands of recombinant
human GH (Genotropin (Pfizer, Capelle aan de ljssel, The Netherlands) (n=4), Humatrope
(Eli Lilly, Houten, The Netherlands) (n=68). Norditropin (Novo Nordisk, Alphen aan de
Rijn, The Netherlands) (n=8), Nutropinaq (Ipsen, Hoofddorp, The Netherlands) (n=1) and
Zomacton (Ferring, Hoofddorp, The Netherlands) (n=3). After 4 weeks baseline values
were established and patients restarted their GH treatment. No patient was switched
from one recombinant GH product to another. The 22 GH-naive patients were studied
before starting GH therapy and 12 months thereafter. In 14 of the GH-naive patients Nor-
ditropin was started, while in 8 patients Nutropinaq was started. GH dose was adjusted
targeting serum total IGF-I concentrations to the middle (Z-score=0) of the normal gen-
der- and age-related reference values for the healthy population'. The following labora-
tory assessments were conducted in the fasting state: bioactive IGF-I, total IGF-I, insulin,
glucose, IGFBP-1, and IGFBP-3. Moreover, body weight, height and blood pressure were
measured. Fat mass percentage was assessed by Bioelectrical Impedance (BIA) (using
an Omron Body Composition Monitor with a hand to hand method, Omron, Hoofddorp,
The Netherlands). Body mass index (BMI), Waist-to Hip ratio (WHR) were calculated. The
updated homeostasis model assessment (HOMA-2) was used to assess insulin resistance
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(HOMA-IR), and beta-cell function (HOMA-B) from pairs of fasting glucose and insulin
levels™ . Percentage of IGF-IR bioactivity over total IGF-I was calculated by dividing
IGF-IR bioactivity (nmol/L) by total IGF-I (nmol/L) and multiplying by 100. Duration of
GHD was defined as the time that had elapsed since GHD diagnosis (confirmed by a GH
provocative test) up to the date of inclusion in this study.

Blood measurements

The IGF-IR KIRA assay has been previously described' . Briefly, IGF-1 binding to the IGF-
IR results in autophosphorylation of tyrosine residues located within the intracellular
kinase domain, being the first step in the intracellular signalling cascade. The IGF-IR KIRA
assay uses a human embryonic kidney (HEK) cell line that is stably transfected with the
human IGF-IR gene (HEK IGF-IR) and quantifies phosphorylation of tyrosine residues of
the transfected IGF-IR to assess IGF-IR bioactivity. After 48 hours of culture HEK IGF-IR
cells were stimulated for 15 minutes at 37°C with increasing known amounts of human
recombinant IGF-I (Invitrogen, Breda, The Netherlands) in a range of 0.06-1.0 nmol/L and
study serum samples. In addition, 2 control serum samples were tested on every plate to
ensure optimal performance. Standards and serum samples were diluted in Krebs-Ringer
bicarbonate (KRB) buffer adjusted to pH 7.4 by CO, and supplemented with 0.1% human
serum albumin (HSA) (Octalbine®) (Octopharma, Lachen, Switzerland). After stimulation
cells were lysed. Crude lysates were transferred to a sandwich assay. Wells were coated
with a monoclonal antibody directed against the IGF-IR (MAD1) (Novozymes-Gropep,
Aidelade, Australia) that was used as capture antibody in a concentration of 5.0ug/mL.
An europium labelled monoclonal anti-phosphotyrosine antibody (Eu-PY20) (Perkin-
Elmer Life sciences, Groningen, the Netherlands) was used as a detection antibody in a
concentration of 1.25ug/mL. Contents were read in a time-resolved fluorometer (Victor2
multilabel counter) (Perkin-Elmer life sciences, Groningen, The Netherlands). Assays
were performed in 48 well plates (Corning, NY, USA). For measurements of IGF-IR bio-
activity, an IGF-1 standard, two internal control samples were included on each culture
plate. Serum samples were diluted 1/10. All measurements were done in duplicate. The
intra-assay and inter-assay CVs were below 15%.

Serum total IGF-I, IGFBP-3 and insulin were measured by a solid-phase, enzyme-
labelled chemiluminescent immunometric assays (Immulite 2000 supplied by Siemens
Medical Solutions Diagnostics, Los Angeles, USA)

Both total IGF-I concentrations and IGF-IR bioactivity were compared with the age-
specific normative range values for IGF-I that have been published before?*?'. For total
IGF-1 normal values have been established in serum samples collected from 1584 healthy
individuals, neonates, infants, children, adolescents and adults up to the age of 88 years
by an enzyme-labelled chemiluminescent immunometric assays (Immulite 2000)2'.
In the present study, total IGF-I concentrations were also measured by an automated
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chemiluminescent assay system (Immulite 2000). The normal ranges for IGF-IR bioactiv-
ity have been previously published by our group and have been determined by using
the same IGF-IR KIRA bioassay that was used in this study?’. These normal values were
established by measuring IGF-IR bioactivity in serum samples from healthy, non-fasting
blood donors (total n = 427), whose ages ranged from 18 to 79 years (median: 44 years).

Both for total IGF-I and IGF-IR bioactivity individual Z-scores were calculated using the
following formula: Z-score = (x—average x/S.D.) where x is the actual total IGF-I level or
IGF-IR bioactivity, average x is the mean total IGF-I level or IGF-IR bioactivity at that age,
and S.D. is standard deviation for the mean at that age.

Serum glucose, total cholesterol, LDL cholesterol and HDL cholesterol were deter-
mined with standard laboratory methods. Cholesterol parameters were only measured
after 12 months GH treatment.

Statistics

The clinical characteristics of the study population are presented as mean with ranges
or SE. The Kolmogorov- Smirnov-test was used to test normality of variables (data were
considered to be normally distributed when P> 0.05). For data that did not meet the
criteria for normality, logarithmic transformations were applied and are presented as
geometric mean with ranges or 95% Cl or if logarithmic transformation did not nor-
malize data as median with interquartile range. An unpaired t-test/ one-way ANOVA or
Mann-Whitney/ Kruskal-Wallis test were used to test differences in continuous variables
within a visit, differences in categorical variables were tested by using the Chi-Squared
test. A paired t-test or a Wilcoxon Signed Ranks test were used to test differences be-
tween baseline and 12 months of GH therapy. Age-adjusted Pearson s correlations were
calculated between variables.

A P-value of 0.05 or less was considered statistically significant. Data were analysed
using SPSS 17 for Windows (SPSS Inc., Chicago, IL).

RESULTS

Baseline characteristics

The left column of table 1 shows the clinical baseline characteristics of the study popula-
tion. As reported previously', at baseline 38% of all patients had total IGF-I levels >-2SD
despite a proven GHD by a decreased GH response in provocative test, while this was 22%
for IGF-IR bioactivity. At baseline total IGF-I was positively correlated to IGF-IR bioactivity
(r=0.42, p<0.001) and IGFBP-3 (r=0.67, p<0.001) and inversely related to IGFBP-1 (-0.38,
p=<0.001). IGF-IR bioactivity was also positively related to IGFBP-3 (r=0.35, p<0.001) and
inversely related to IGFBP-1 (-0.22, p=0.03).
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Table 1. Changes in clinical parameters during GH treatment

Characteristics Baseline 1year

study population (mean and range) GH treatment p-value
(mean and range)

Age (yrs) 54.0 #(18.0-79.4) - -

Duration of GHD (yrs) 9.5# (0-22) - -

GHD-categories (N of subjects)

AO-GHD 84

CO-GHD 22

GH-naive 22

Previous GH treatment 84

Physical Measurements

BMI (kg/m?) 28.4(17.9-49.8) 28.3(17.5-50.3) 0.32

Body fat (%) 32.5(11.9-46.7) 32.0(5.6-47.3) 0.02*

Waist (cm) 99 (63-154) 96 (70-150) <0.001*

WHR (cm/cm) 0.98 (0.74-1.19) 0.96 (0.76-1.11) 0.002*

Systolic BP (mmHg) 128 (96-163) 134 (91-195) 0.001*

Diastolic BP (mmHg) 80 (58-102) 82 (57-130) 0.04*

Laboratory testing

Fasting Glucose level (mmol/L) 4.7#(3.0-11.2) 5.14#(3.9-9.7) 0.001*

Insulin (pmol/L) 36# (13-909) 53#(12-324) 0.03*

HOMA-B score 821 (30-648) 91#(32-323) 0.29 ©
HOMA-IR score 0.7#(0.3-9.3) 1.0#(0.3-6.8) 0.008* E-,'
Total IGF-I (nmol/L) 8.1 (2.7-23.0) 14.9 (2.7-39.6) <0.001* _;:%
IGF-IR bioactivity (pmol/L) 115 (20-337) 183 (39-606) <0.001* &
IGF-IR bioactivity/ total IGF-I (%) 1.4 (0.28-5.63) 1.2 (0.35-7.69) 0.003

IGFBP-1 (ug/L) 23.0(0.4-131.2) 17.2 (0.4-124.6) <0.001*

IGFBP-3 (mg/L) 34(1.2-7.1) 4.0(1.5-7.5) <0.001*

Changes in clinical parameters during GH treatment are shown as mean (or median (#)) and range.

BMI= Body Mass Index, Body Fat (as % of body mass), Systolic BP= Systolic Blood Pressure, Diastolic BP=
Diastolic Blood Pressure, WHR= Waist-to-Hip Ratio, HOMA-B= Homeostasis Model Assessment of beta-cell
function, HOMA-IR score= Homeostasis Model Assessment of insulin resistance.

* differences between baseline and 12 months of GH treatment statistically significant.

Changes in IGF-I parameters after 12 months of GH therapy

The right column of table 1 shows the changes in IGF-1 parameters. Total IGF-Il increased
from 8.1 nmol/L [95%Cl 7.3-8.9] at baseline to 14.9 nmol/L [95% 13.5-16.4] at 12 months
(p<0.001). IGF-IR bioactivity increased from 115 pmol/L [95%CI 103-127] to 183 pmol/L
[95%Cl 164-204], (p<0.001) after 12 months. The percentage of IGF-IR bioactivity divided
by total IGF-1 decreased van 1.4% to 1.2% (p=0.003). IGFBP-3 increased from 3.3 mg/L
[95%Cl 3.1-3.5] at baseline to 4.0 mg/L (95%Cl 3.9-4.3] after 12 months (p<0.001). IGFBP-1
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decreased from 23.0 ug/L [95%CI 20.1-29.9] at baseline to 17.2 pg/L [95%Cl 14.3-22.5] at
12 months (p<0.001).

Mean Z-score for total IGF-I increased from -2.3 + 0.1 SD at baseline to -0.6 + 0.1 SD
at 12 months (p<0.001). Mean Z-score for IGF-IR bioactivity increased from -2.5 £ 0.1
SD to -1.8 £0.1 SD after 12 months (p<0.001) while mean Z-score for IGFBP-3 increased
-1.6 £ 0.1SD at baseline to: -0.6+ 0.1SD (p<0.001). The percentage of patients with total
IGF-1 levels within the normal range increased from 38% to 81% (Figure 1). For IGF-IR
bioactivity this percentage increased from 22% to 51% (Figure 1).

IGF-IR bioactivity remained below normal in more than 40% of patients in whom total
IGF-I had normalized.

At 12 months the mean GH dose was 0.20 mg/day (range: 0.05-2.1). Patients in whom
total IGF-I had normalized used lower doses of GH compared to those in whom it had
not normalized (0.19 compared to 0.28 mg/day, p=0.02). Also they had higher IGFBP-3
levels (4.2 vs. 3.4 mg/L, p=0.001) and IGF-IR bioactivity (202 vs. 113 pmol/L, p=<0.001). In
contrast there was no difference in IGFBP-1 levels (15.5 vs. 27.2 ug/L, p=0.07).

GH dose did not differ between patients in whom IGF-IR bioactivity had normalized
compared to those in whom it remained subnormal (0.22 vs. 0.19 mg/day, p=0.21).
Patients in whom IGF-IR bioactivity had normalized, had significantly higher total IGF-I
levels (17.7 vs. 12.6 nmol/L, p<0.001) and higher IGFBP-3 levels (4.3 vs. 3.8 mg/L, p=0.04).
In contrast, IGFBP-1 levels were similar (0.15 vs. 0.17 pg/L, p=0.65) compared to those in
whom IGF-IR bioactivity had not normalized.

BASELINE AFTER 12 MONTHS OF
GH TREATMENT

Z-score (SD)

g 4 Total IGF-I IGF-IR Total IGF-I IGF-IR
Bioactivity Bioactivity

Figure 1.
Z-scores of total IGF-I (black triangles) and IGF-IR bioactivity (open triangles) at baseline (left) and after
12 months of GH therapy (right). Each triangle represents a patient. The horizontal dotted lines represent
the normal range in the healthy population (from -2SD to +2 SD). At baseline 38% of all patients had
total IGF-I levels >-2SD compared to 22% for IGF-IR bioactivity. After 12 months of GH treatment, this
percentage increased to 81% for total IGF-I, while for IGF-IR bioactivity it increased to 51%.
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At 12 months, total IGF-I was positively related to IGF-IR bioactivity (r=0.53, p=<0.001)
and IGFBP-3 (r=0.50, p<0.001) and inversely related to IGFBP-1 (r=-0.20, p=0.05). There
was no relationship between total IGF-I and GH dose (r=0.06, p=0.53). IGF-IR bioactivity
was positively related to IGFBP-3 (r=0.29, p=0.005) but not to IGFBP-1 (r=-0.12, p=0.25).
There was no relation between IGF-IR bioactivity and GH dose (r=0.15, p=0.16).

Changes in clinical parameters after 12 months of GH therapy

The right column of table 1 shows the changes in clinical parameters. After 12 months
of GH therapy, fat mass percentage, waist and WHR significantly decreased. In addition,
systolicand diastolic blood pressure significantly increased. Also glucose concentrations,
insulin levels and insulin resistance significantly increased, while beta-cell function did
not change.

Table 2 shows age-adjusted interrelationships between IGF-I parameters and several
metabolic parameters. Total IGF-I was inversely related to fat mass percentage (r=-0.29,
p=0.02) but not to other parameters (Table 2). IGF-IR bioactivity was positively related to
HOMA-B (r=0.28, p=0.02) (Table 2). There was no relationship between IGF-IR bioactivity
and insulin, glucose or HbA, _(Table 2). IGF-IR bioactivity was also not related to lipid
parameters.

There were no differences in metabolic parameters between patients in whom total
IGF-I or IGF-IR bioactivity had normalized compared to those in whom it had not.

DISCUSSION

We recently reported, in the same study population, that IGF-IR bioactivity in untreated
GH-deficient patients was more frequently below the normal range than total IGF-I,
demonstrating that measurement of IGF-IR bioactivity may offer advantages over the
measurement of total IGF-I in the diagnosis of GHD®. Previously, it as been suggested
that the IGF-IR KIRA assay is more sensitive than common total IGF-l immunoassays to
detect differences in clinical state during monitoring of therapeutic interventions?. The
most striking finding in our present study was that during 12 months of GH treatment,
changes in IGF-IR bioactivity did not parallel changes in total IGF-I. Interestingly, IGF-IR
bioactivity remained subnormal despite normalization of total IGF-I in a considerable
proportion of patients.

We observed a significant positive relationship between IGF-IR bioactivity and beta-cell
function as assessed by HOMA. GH has been shown to stimulate pancreatic beta-cell
proliferation directly or via IGF-12>?4, IGF-Il is considered to play an essential role in en-
hancing beta-cell function*2> We observed no relationship between IGF-IR bioactivity
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and glucose or insulin resistance. In this respect our study has limitations; firstly, we used
fasting insulin and glucose based indices only, rather than the hyperinsulinemic clamp
to assess insulin sensitivity. Secondly, total IGF-I concentrations were used to titrate GH
doses, while changes in IGF-IR bioactivity were not taken into account. As a consequence
total IGF-I concentrations had normalized in 81% of patients while IGF-IR bioactivity had
normalized in only 51% of patients after 12 months of GH treatment.

In our study, most patients were not GH-naive and had already been substituted for
GH and other pituitary hormonal deficits for many years. Nevertheless, after 12 months
of GH treatment total IGF-I was inversely related to fat mass percentage suggesting an
improvement in body composition. But despite a significant decrease in fat mass per-
centage after 12 months of GH treatment, waist circumference and WHR, fasting glucose,
fasting insulin levels and insulin sensitivity as measured by HOMA increased. Total IGF-
was not related to waist circumference, WHR or insulin sensitivity. Thus the improve-
ment in body composition did not coincide with improvements in insulin sensitivity.
This may be explained by the action of GH to induce insulin resistance, independent of
IGF-1%, Also, probably as a consequence of this latter action of GH, long-term studies in
which GH doses were titrated to normalise total IGF-I levels have reported a decrease, no
change or an increase in insulin sensitivity?’,

The question arises why changes in IGF-IR bioactivity did not parallel changes in total
IGF-1. First of all, as discussed above, the IGF-IR KIRA bioassay takes into account the
modifying effects of IGFBPs on IGF-I action, while in the presently available IGF-I immu-
noassays these modifying effects are ignored due to extraction procedures. However,
interestingly, both at baseline and after 12 month of GH treatment, total IGF-I was more
strongly related to IGFBPs than IGF-IR bioactivity.

An alternative explanation could be, that kinetics of IGF-IR bioactivity in the circulation
differed strikingly from those of total IGF-I during GH therapy. In favour of this latter pos-
sibility, it was previously found that GH administration to GH deficient patients caused
only a parallel increase in circulating (immunoreactive) free IGF-I and total IGF-I levels
the first 10 hrs after subcutaneous injection®?. However, thereafter free IGF-| started to
decrease while total IGF-I concentrations levelled off*2. Furthermore, a close temporal
relationship has been reported between serum GH and free IGF-I levels: GH serum
peaked concomitantly with the rise in free IGF-1, and at the time when GH was not longer
detectable in serum, free IGF-I started to decrease®. Such relationship was not found
for total IGF-I. It is very likely that such relationship also exists between GH and IGF-IR
bioactivity. After subcutaneous injection maximum serum GH is reached after about 260
minutes®. In our study, fasting blood samples were drawn in the morning, while the
last GH injection had been given the evening before, thus long after maximum serum
GH concentrations were reached. However, the fact that in our study population IGF-IR
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bioactivity was already lower than total IGF-I concentrations before starting GH treat-
ment, argues against the possibility that differences in kinetics caused the discrepancy
between total IGF-1 and IGF-IR bioactivity during GH therapy.

As mentioned above, GH doses were titrated against circulating total IGF-I concentra-
tions and not against IGF-IR bioactivity. A third explanation for the observed discrep-
ancy between total IGF-l and IGF-IR bioactivity during GH therapy may be that total IGF-I
concentrations did not adequately reflect the actual IGF-I levels. The assay for total IGF-|
in our study has been calibrated against the WHO International Reference Reagent for
IGF-I Immunoassays (WHO IRR 87/518). The WHO IRR 87/518 is of low purity (44%) and
the assigned IGF-I protein content is higher than the value that can be determined by
quantitative analysis**. This may have resulted in falsely elevated total IGF-I concentra-
tions. As a consequence, the effect of GH treatment on total IGF-l concentrations may
have been (systematically) overestimated. This latter option is supported by our find-
ings that in a considerable proportion of patients IGF-IR bioactivity was still subnormal
after 12 months of GH treatment. In contrast to the total IGF-I immunoassay, the IGF-IR
KIRA assay has been calibrated against a recombinant human IGF-I standard of high
purity (>97%). Thus IGF-IR bioactivity measured by the IGF-IR KIRA assay may better cor-
respond to the actual (bioactive) IGF-1 present in the circulation than total IGF-I assays
reflect actual total IGF-I levels. As a consequence, subnormal IGF-IR bioactivity might be
real and reflect a relative undertreatment of GHD despite normalization of total IGF-I
concentrations.

Quarmby et al.** previously showed that calibration against WHO IRR 87/518 was the
cause for systemic discrepancies between the Genentech total IGF-I normal ranges (not
calibrated against WHO IRR 87/518) and the normal ranges of several other commercially
available total IGF-I assays (all calibrated against WHO IRR 87/518). Recently, a new WHO
Reference Standard has become available (IS 02/254). In contrast to the WHO IRR 87/518,
the new Reference Standard is a >97%-pure recombinant and has been well character-
ized by the NIBSC®. It is at present unknown as to whether or not introduction of this
new IGF-I standard in total IGF-l immunoassays will be able to eliminate the observed
discrepancy between total IGF-I and IGF-IR bioactivity in our study.

In order to finally answer the question whether IGF-IR bioactivity could be a valuable
tool to monitor GH therapy in GH deficient patients and whether titrating GH dose
against IGF-IR bioactivity results in a better (metabolic) clinical outcome than titrating
against total IGF- concentrations, we believe it will be necessary to perform a prospec-
tive randomized placebo- controlled study in which in one group GH dose is titrated
against IGF-IR bioactivity, while in the other group GH dose is titrated against total IGF-I
concentrations.

In conclusion, during 12 months of GH treatment of GH deficient patients, changes in
IGF-IR bioactivity did not parallel changes in total IGF-I. Despite normalization of total
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IGF-1, IGF-IR bioactivity remained subnormal in a considerable proportion of patients
suggesting a relative undertreatment of GHD. At present it is unclear whether our results
have any consequences for GH therapy in clinical practice.
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ABSTRACT

Aim: There is a close association between levels of TSH binding inhibitory immuno-
globulins (TBII) and Graves’ Ophthalmopathy (GO). In addition to the TSH receptor, the
IGF-I receptor (IGF-IR) has been proposed to be a second autoantigen that plays a role in
the pathogenesis of GO. The aim of this study was to investigate relationships between
TBIl and serum IGF-IR stimulating activity in relationship to age in patients with GO.

Methods: Prospective study of 70 patients with GO (26 euthyroid, 39 subclinical hyper-
thyroid, 5 hyperthyroid; m: 8, f: 62; age: 47.9 + 1.0 yrs). Patients were graded according to
Clinical Activity Score (CAS). IGF-IR stimulating activity was determined by IGF-IR Kinase
Receptor Activation (KIRA) assay; TBIl by immunoassay (Trak). Protein G magnetic beads
were used to deplete serum of I1gGs.

Results: TBIl and CAS were positively related (r=0.30, p=0.01). In subjects with TBIl above
mean+1SD, IGF-IR stimulating activity was positively related to age (r=0.43, p=0.05),
while such relationship was absent for subjects with TBIl below mean+1SD (r=-0.04,
p=0.81). Depletion of IgGs from sera of patients with both TBIl above mean+1SD and
IGF-IR stimulating activity above mean-1SD decreased IGF-IR stimulating activity, while
depletion in patients with TBIl above mean+1SD but IGF-IR stimulating activity below
mean-1SD did not change IGF-IR stimulating activity.

Conclusions: In subjects with TBIl above mean+1SD we observed an increase of IGF-IR
stimulating activity with age. In a subgroup of these patients, depletion of IgGs signifi-
cantly decreased IGF-IR stimulating activity suggesting that, in a subset of patients with
GO, IlgGs may have IGF-IR stimulating activities.
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INTRODUCTION

Graves' disease (GD) is an autoimmune thyroid disorder in which immunoglobulins are
produced that may directly stimulate the TSH-receptor (TSH-R) in the thyroid gland
leading to hyperthyroidism. These TSH-R stimulating immunoglobulins may not only
influence thyroid function but likely also mediate extrathyroidal manifestations of GD
such as Graves’' ophthalmopathy (GO).

More than 20 years ago it was reported that immunoglobulins of GD patients (GD-
IgGs) had the ability to immunoprecipitate with the insulin-like growth factor-I (IGF-I)
receptor (IGF-IR)'. In addition, these immunoglobulins could displace radiolabelled
IGF-I from IGF-IR binding sites on orbital fibroblasts®. Smith et al. previously reported
that GD-IgGs could stimulate the production of the T-cell chemoattractants interleukin
(IL)-16, RANTES (regulated upon activation normal T-cell expressed and secreted) and
hyaluronan in orbital fibroblasts of patients with GD>*. These effects were blocked by
monoclonal antibodies directed against the IGF-IR suggesting that these actions were
mediated through pathways independent of the TSH-R.

These findings have raised the hypothesis that in (a subset of) Graves’ patients im-
munoglobulins may stimulate the IGF-IR and contribute to GO. However, independent
confirmation of this hypothesis has yet not been obtained.

Recently, a specific IGF-IR kinase receptor activation (KIRA) assay was developed to
determine serum IGF-IR activating capacity (IGF-IR stimulating activity)®>®. The principle
of this assay is based on quantification of autophosphorylation of tyrosine residues of
the IGF-IR in response to stimulation with human serum in vitro®.

In the present study, by using the IGF-IR KIRA assay, we studied whether sera of pa-
tients with GO could differentially stimulate the IGF-IR.

MATERIALS AND METHODS

Study Population

We performed a prospective clinical study in 70 consecutive GO patients, referred to the
combined thyroid- eye clinic in the Academic Medical Center in Amsterdam between
2005 and 2010. 26 patients were euthyroid under antithyroid therapy (TSH 0.5-4.0 mU/L,
fT4 <23 pmol/L and T3 <2.75nmol/L), whereas 39 patients had subclinical hyperthyroid-
ism (TSH <0.5mU/L, fT4 <23pmol/L and T3 <2.75nmol/L); 5 patients were still hyperthy-
roid (TSH <0.5mU/L, fT4 <23pmol/L but T3 >2.75 nmol/L). In a single day all patients
visited the laboratory, the endocrinologist, the orthoptist, and the ophthalmologist.
They underwent CT scans and if necessary a visual field examination. At the end of the
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day, patients were evaluated in a combined session by consultants in ophthalmology
and endocrinology. All patients were classified according to the Clinical Activity Score
(CAS). Informed consent was obtained from all patients, and the study was approved
by the Medical Ethics Committee of the Academic Medical Center in Amsterdam, The
Netherlands.

Blood Measurements

The IGF-IR KIRA assay has been previously described>®. Briefly, IGF-I binding to the IGF-
IR results in autophosphorylation of tyrosine residues located within the intracellular
kinase domain, being the first step in the intracellular signalling cascade. The IGF-IR
KIRA assay uses a HEK cell line that is stably transfected with the human IGF-IR gene
(HEK IGF-IR) and quantifies phosphorylation of tyrosine residues of the transfected IGF-
IR to assess IGF-IR stimulating activity. After 48 hours of culture, HEK IGF-IR cells were
stimulated for 15 minutes at 37°C with increasing amounts of human recombinant IGF-I
(Invitrogen, Breda, The Netherlands) in a range of 0.06-1.0 nmol/L or serum samples.
In addition, 2 control serum samples were tested on every plate to ensure optimal
performance. Standards and serum samples were diluted in Krebs-Ringer bicarbonate
(KRB) buffer adjusted to pH 7.4 by CO, and supplemented with 0.1% human serum
albumin (HSA) (Octalbine®) (Octopharma, Lachen, Switzerland). After stimulation cells
were lysed. Crude lysates were transferred to a 96-wells plate. The wells were coated
with a monoclonal antibody directed against the IGF-IR (MAD1) (Novozymes-Gropep,
Aidelade, Australia) that was used as capture antibody in a concentration of 5.0 pg/mL
diluted in antibody coating buffer. A biotinylated anti-phospho-tyrsosine monoclonal
antibody (BAM1676) (R&D Systems Europe Ltd, Abingdon, UK) in a concentration of
0.2 pug/mL together with streptavidin labelled europium (DELFIA Eu-N1) (Perkin-Elmer
Life sciences, Groningen, the Netherlands) in a concentration of 50 pmol/L were used
as detection antibodies. Contents were read in a time-resolved fluorometer (Victor2
multilabel counter) (Perkin-Elmer life sciences, Groningen, The Netherlands). Assays
were done in 48 well plates (Corning, NY, USA). Serum samples were diluted 1/10. All
measurements were done in duplicate. The intra- and interassay coefficients of variation
were <15%.

Total serum IGF-l1 was measured by a solid-phase, enzyme-labelled chemiluminescent
immunometric assays (intra-assay CVs was 3.9% and inter-assay CVs was 7.7%) (Immulite
2000 supplied by Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA).

Both total IGF-I levels and IGF-IR stimulating activity were compared with the age-
specific normative range values for IGF-I that have been published previously”®. For total
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IGF-I normal values have been established in serum samples collected from 1584 healthy
individuals, neonates, infants, children, adolescents and adults up to the age of 88 years
by an enzyme-labelled chemiluminescent immunometric assays (Immulite 2000). In the
present study, total IGF-I levels were also measured by an automated chemiluminescent
assay system (Immulite 2000). The normal ranges for IGF-IR stimulating activity have
been previously published by our group’. These normal values were established by
measuring IGF-IR stimulating activity in serum samples from healthy, non-fasting blood
donors (total n = 427), whose ages ranged from 18 to 79 years (median: 44 years). Both
for total IGF-I and IGF-IR stimulating activity individual Z-scores were calculated using
the following formula: Z-score = (x-average x/S.D.) where x is the actual total IGF-I level
or IGF-IR stimulating activity, average x is the mean total IGF-I level or IGF-IR stimulating
activity at that age, and S.D. is standard deviation for the mean at that age.

TSH plasma and fT4 levels were determined with a solid phase time-resolved fluoroim-
munoassay (Delfia, Wallac Oy, Turku, Finland). Total T3 plasma levels were determined by
in-house RIA®. TBIl were measured by an immunoassay (TSH-Rezeptor Antikorper assay
(Trak), Brahms Diagnostica, Berlin, Germany).

Depletion IgGs

For 1gG depletion from serum samples protein G magnetic beads were used according
to manufacturer’s protocol (Millipore, Billerica, USA). Efficiency of IgG depletion was
tested in 10 serum samples by immunoturbidimetric analysis. Mean depletion achieved
was 81.8% (range: 62.0-98.6%). To control for specificity of IgG depletion on IGF-IR stimu-
lating activity by protein G magnetic beads, blood samples from two healthy controls
without thyroid disease were also tested before and after IgG depletion.

Statistics

The clinical characteristics of the study population are presented as mean with SE. For
data that did not meet the criteria for normality, logarithmic transformations were ap-
plied and are presented as geometric mean with 95% Cl or if logarithmic transformation
did not normalize data as median with interquartile range. The Kolmogorov- Smirnov-
test was used to test normality of variables (data were considered to be normally distrib-
uted when P> 0.05). Spearmans’ correlation coefficients were calculated to assess the
associations between variables.

IGF-IR stimulating activity before and after IgG depletion were compared by using the
Wilcoxon signed ranks test.
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RESULTS

General characteristics of the study population are shown in Table 1. Mean age of the
total group was 47.9 yrs [range 14-92 yrs]. As expected, there were more females than
males (f: 62; m: 8). Median duration of thyroid disease was 3 yrs [1-7.3 yrs], median dura-
tion of GO was 1 yr [0-2 yrs]. Mean TBII level was 6.3 U/L [range 0.9-604.0 U/L].

Table 1. General Characteristics

Mean Range
Age (yrs) 47.9 14-92
Gender (% female) 89%
Smoking (%) 42%
Time after diagnosis GD (yrs) 7.0 (3.0%) 1-7.3%*
Time after diagnosis GO (yrs) 2.4 (1.0%) 0-2%*
CAS 1.6 (1%) 0-5
TBII (U/L) 6.3 0.9-604
fT4 (pmol/L) 16.2 2.7-23.0
T3 (nmol/L) 1.8 1.2-6.0
TSH (mU/L) 0.67 (0.20%) 0.01-3.30

* Median, ** Interquartile range
GD= Graves' Disease, GO= Graves' Ophthalmopathy, CAS= Clinical Activity Score, TBII="TSH Binding
Inhibitory Immunoglobulins

There was a significant inverse relationship between TBIl and TSH (r=-0.31, p=0.01), a
positive correlation between TBIl and T3 (r=0.35, p=0.003) and between TBIl and CAS
(r=0.30, p=0.01).

Mean IGF-IR stimulating activity was 238 pmol/L [95%CI 216-261] and mean total IGF-I
concentration was 20.9 nmol/L [95%Cl 19.1-23.3]. When these values were compared
to normal values”®, IGF-IR stimulating activity was found to be low-normal (Z-score:
-1.54£0.1 SD), while total serum IGF-I was normal (Z-score: 0.6+0.2 SD) (Figure 1).

Overall, there was a no relationship between age and total IGF-I or IGF-IR stimulating
activity (total IGF-I: r=-0.22, p=0.08; IGF-IR stimulating activity: r=0.10, p=0.39). There
was a significant inverse relationship between total IGF-l and CAS (r=-0.27, p=0.03) and
between total IGF-I and TBII (r=-0.29, p=0.02), but not for IGF-IR stimulating activity (r=-
0.17, p=0.17 and r=-0.02, p= 0.86, respectively). There was no relationship between TSH
and total IGF-I (r=0.05, p=0.70) or IGF-IR stimulating activity (r=-0.15, p=0.23) nor be-
tween T3 and total IGF-I (r=-0.20, p=0.11) or IGF-IR stimulating activity (r=-0.04, p=0.74).

Previously it has been found that GO autoimmune disease activity correlates with TBII
titers. Therefore we hypothesized that subjects with relatively high TBII titers and GO
autoimmune activity would likely to be those with high titers of (other) autoantibodies,
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Figure 1.

Age distribution of IGF-IR stimulating activity (left panel) and total IGF-l concentrations (right panel) in 70
patients diagnosed with GO (black dots). The shaded area depicts the 95% confidence interval in healhty
subjects per decade of age. The dashed horizontal line shows the median.

such as stimulating antibodies directed against the IGF-IR. Since the TBII titer was not
normally distributed but severely skewed to the right, we stratified subjects into two
groups: those with TBII titers above the mean + 1 SD (> 12 U/L) and those with TBII titers
below the mean + 1SD (<12 U/L).

In subjects with TBIl above mean+1SD, there was a positive relationship between IGF-
IR stimulating activity and age (r=0.43, p=0.05), while such relationship was absent in
subjects with TBIl below mean+1SD (r=-0.04, p= 0.81) (Figure 2A).

In contrast to IGF-IR stimulating activity, total IGF-I was not related to age in patients
withTBllabove mean+1SD (r=-0.05, p=0.84), while in subjects with TBIl below mean+1SD,
this relationship just missed statistical significance (r=-0.27, p=0.07) (Figure 2B).

Figure 3A shows the relationship between TBIl and CAS. In patients with TBIl above
mean+1SD, TBIl was significantly correlated to CAS (r=0.48, p=0.03), whereas this was
not found below mean+1SD (r=0.25, p=0.10). Moreover, the median CAS in subjects
with TBII titers above the mean + 1 SD was higher (median=2, range 0-5) than in subjects
with TBII titers below the mean + 1 SD (median=1, range 0-5), although this difference
missed statistical significance (p=0.15). In addition, in the latter group the relationship
between TBIl and CAS showed a negative direction (r=-0.14, p=0.36) , while in the group
with relatively high TBII this relationship showed a positive direction (r=0.26, p= 0.24).

Figure 3B shows the relationship between TBIl and T3. In patients with TBIl above
mean+1SD, TBIl was significantly correlated to T3 (r=0.44, p=0.04) whereas this was not
found in patients with TBIl below mean+1SD (r=0.09, p=0.55).

So, although IGF-IR stimulating activity in healthy subjects, like total IGF-I, is known to
decrease with age, there was a positive correlation between IGF-IR stimulating and age
in patients with TBIl above mean+1SD (>12U/L). Therefore we hypothesized that in this
subgroup circulating IgGs may contribute to the activation of the IGF-IR. To test this
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Figure 2.

Correlations between IGF-IR stimulating activity and age (A) and total IGF-I levels and age (B). Study
population was divided into two groups; those with TBII titers below the mean + 15D (<12U/L) (left) and
those with TBII titers above the mean + 1 SD (>12UI/L) (right).

*p<0.05.

hypothesis we measured IGF-IR stimulating activity before and after depleting serum
samples from IgGs. Overall, IgG depletion did not change IGF-IR stimulating activity (Fig-
ure 4A). However, in 10 out of 20 patients tested, IGF-IR stimulating activity decreased
after IgG depletion (Figure 4B). Interestingly, this effect was particularly prominent in
patients with relatively high IGF-IR stimulating activity (above -1SD). In this latter group
median IGF-IR stimulating activity decreased after IgG depletion from 383 [304-487] to
322 [250-477] pmol/L (Z-scores from 0.1+0.5 to -0.5%0.5) (Figure 4B, right panel), while
in the group with relatively low IGF-IR stimulating activity (below -1SD) this decline was
small (from 205 [165-234] to 199[181-288] pmol/L, Z-scores from -2.0+0.2 to -1.8+0.2)
(Figure 4B, left panel).

To control for specificity of IgG depletion on IGF-IR stimulating activity by protein G
magnetic beads, IGF-IR stimulating activity was measured before and after IgG deple-
tion in serum samples of two healthy controls. In both samples, no differences were
found in IGF-IR stimulating activity before and after IgG depletion (Subject 1; before: 264
pmol/L, after: 254 pmol/L; Subject 2; before: 244 pmol/L, after: 263 pmol/L).
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Correlations between TBIl and CAS (A) and between TBIl and T3 levels (B). Study population was divided
into two groups; those with TBII titers below the mean + 1SD (<12U/L) (left) and those with TBII titers

above the mean + 1 SD (>12UI/L) (right).
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Effects of IgG depletion on IGF-IR stimulating activity in all patients with TBIl above mean+1SD. A. Overall
effects. B. Effects of IgG depletion when all patients with TBIl above mean+1SD were divided in those with
IGF-IR stimulating activity below mean-1SD (left) and those with IGF-IR stimulating activity above mean-
1SD (right). The effect of IgG depletion was particularly prominent in the latter group.

* p<0.05.

DISCUSSION

Since Graves'immunoglobulins may directly activate the IGF-IR, the IGF-IR has been sug-
gested to be a second auto-antigen in GO. We therefore investigated, in patients with
GO, whether there was a relationship between the circulating TBIl and IGF-IR stimula-
tion. At a first glance we found no relationship between TBII levels in blood and IGF-IR
stimulation.

In our study, we measured TSH-R antibody levels by an immunoassay. These assays
display high sensitivity and specificity for TSH-R autoantibodies. However, they do not
measure the functional activity of these immunoglobulins, neither do they distinguish
between stimulatory, blocking and neutral activity'. Previously a close relationship be-
tween TBIl and CAS was reported' ™. It has been found that TBII are significantly higher
in patients with a severe course of GO compared with patients with a mild course of
GO, In the present study a close relationship between TBIl and CAS was also found.
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Recent evidence suggests that other self-antigens than the TSH-R, such as the IGF-

IR, may contribute to GO™. To our best knowledge no method is available at present,
which can specifically measure circulating IGF-IR antibodies and distinguish them from
TBII. Theoretically the same antibodies that bind to TSH-R could also activate the IGF-IR.
However, due to clear differences in the molecular structure of the TSH-R and the IGF-IR,
it is more likely that the two receptors are activated by two discrete antibodies: those
directed against the IGF-IR and those directed against the TSH-R.
In clinical medicine, extreme cases have often provided new insights into specific ae-
tiologic factors and disease pathogenesis. Previously it has been found that GO autoim-
mune disease activity correlates with TBII titers. We therefore hypothesized that subjects
with relatively high TBII titers and GO autoimmune activity would likely to be those with
high titers of (other) autoantibodies, such as stimulating antibodies directed against the
IGF-IR. Since the TBII titer was not normally distributed but severely skewed to the right,
we stratified subjects into two groups: those with TBII titers above the mean + 1 SD (> 12
U/L) and those with TBII titers below the mean + 1SD (<12 U/L).

Onlyin patients with relatively high TBIl titers a positive correlation was found between
IGF-IR stimulating activity and age. This positive relationship was unexpected since
IGF-IR stimulating activity in healthy subjects, like total IGF-I, is known to decrease with
age’. We hypothesized that this positive correlation may be the result of the presence
of circulating IGF-IR activating immunoglobulins. Our results suggest that the relative
contribution of these antibodies progresses with age. In this situation, IGF-IR stimulating
activity, as measured by the KIRA assay, seems to reflect the overall effect of circulating
endogenous IGF-I and IGF-IR stimulating activity induced by IgGs (Figure 5). Interest-
ingly, an age-associated increase in both organ-specific autoantibodies in humans has

TBIl below mean+1SD TBIl above mean+1SD
2 2
2 2 . . L
B | oo 5 IGF-IR stimulating activity by
x® ¥ ©
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» »
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Figure 5.

The *suggested* relationship between GD-lgGs, circulating IGF-IR stimulating activity and age in patients
with GO. The relative contribution of GD-IgGs to IGF-IR stimulating activity progresses with age. For
further explanation see the Discussion section.
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been consistently reported'®. Moreover, Perros et al. previously reported an association
between severity of thyroid-associated ophthalmopathy and advancing age'.

Overall there was no relationship between IGF-IR stimulating activity and CAS. How-
ever, when the study population was stratified by TBII titers, median CAS in subjects with
TBII titers above the mean + 1 SD was higher than in subjects with TBII titers below the
mean + 1 SD, although this difference missed statistical significance. In addition, overall
there was no relationship between TBII and IGF-IR stimulating activity. But when the
study population was stratified by TBII titers, the relationship between IGF-IR stimulat-
ing activity and TBIl showed a positive direction in subjects with TBII titers above the
mean + 1 SD, while this relationship showed a negative direction in subjects with TBII
titers below the mean + 1 SD. As previously discussed, the TBIl assay measures immu-
noglobulins in patients with GD that inhibits TSH-R activation. However, this method
has not been developed to measure stimulating IGF-IR stimulating activity. In addition,
the small number of subjects in our study may explain why the relationship between
TBII titers and IGF-IR stimulating activity missed statistical significance. Another factor
may be that the measured IGF-IR stimulating activity probably reflects the sum of en-
dogenous IGF-1 and circulating GD-lgGs with IGF-IR stimulating activity (see Figure 5).
Thus only a fraction of “total” serum IGF-IR stimulating activity is directly related to IGF-IR
stimulating antibodies.

We measured IGF-IR stimulating activity before and after IgG depletion in the subgroup
with high TBII levels. Interestingly, IGF-IR stimulating activity substantially decreased in
patients with relatively high Z-scores for IGF-IR stimulating activity before IgG depletion.
In contrast, there were only small changes in patients with relatively low Z-scores for
IGF-IR stimulating activity before this treatment. This suggests that, significant levels of
IGF-IR stimulating antibodies were present in the former group.

Our results are in variance with previous studies which reported anti-IGF-IR antibody
activities in a greater percentage of patients**. This variance may be due to differences
in assay sensitivities and/or differences in fundamental peculiarities of cells used to
measure IGF-IR activity. Previously it was found that, in contrast to fibroblasts from
healthy donors, fibroblasts from patients with GD showed a response to GD-specific
IgG3. We did not use cells of GD patients but our experiments were performed using HEK
cells that were stably transfected with the human IGF-IR. Moreover, in contrast to the
present study, in which ten times diluted serum samples were used to measure IGF-IR
stimulating activity, others have used highly purified IgGs isolated from serum samples
to measure IGF-IR stimulating effects®**. Finally, in our study, not post-receptor effects
or inhibition of ['*'IGF-I binding was measured, but rather phosphorylation of tyrosine
residues of the IGF-IR as primary read out to assess IGF-IR stimulating activity?“.
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The question arises how relevant our observations are since the relative contribution
of 1gGs to total serum IGF-IR stimulating activity was maximally ‘only’ 16.5%. However,
our study shows that the combination of IgGs plus endogenous IGF-I produced greater
stimulation than either agent alone. Moreover, antibody-induced receptor activation
may show tissue-specific distribution and/or activity. In favour of this latter possibility
orbital fibroblasts in patients with GO express higher levels of IGF-IR than normal fibro-
blasts™. In addition, human antibodies typically have a half-life greater than 1 week'@.
Due to their increased half-life, IGF-IR stimulating antibodies may induce prolonged
activation of the IGF-IR as compared to endogenous IGF-I.

Although it has been suggested that the IGF-IR KIRA assay is more sensitive than
common total IGF-l immunoassays to detect differences in clinical state', it should be
stressed that, as for all in vitro systems, the IGF-IR KIRA assay does not mimic the exact
in vivo conditions. IGF-IR expression may vary in a tissue-specific manner and inter-
individual differences in the levels of proteins of the IGF-IR system may function as criti-
cal signalling determinants?. This may be especially the case when studying GO, since
orbital fibroblasts in GD express higher levels of the IGF-IR than normal fibroblasts'.
Thus, our findings in serum samples may underestimate the real local effects of IgGs on
IGF-IR signalling in the orbits of Graves' patients.

In conclusion, only in subjects with TBIl levels above mean+1SD we observed an
increase of IGF-IR stimulating activity with age. In addition, in a subgroup of these
patients, depletion of 1gGs significantly decreased IGF-IR stimulating activity. These
results suggest that, in a subset of patients with GO, circulating IgGs may have IGF-IR
stimulating activities.
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Discussion

The aim of this thesis was to investigate the (patho)physiologic role of insulin receptor (IR) and
IGF-I receptor (IGF-IR) bioactivity in health and disease under several conditions like diabetes,
growth hormone deficiency (GHD), acromegaly and Graves’ ophthalmopathy.

11.1 FROM BIOASSAYS TO IMMUNOASSAYS AND BACK?

Insulin elicits its various biological responses by binding to the IR, which is then followed
by activation of its intrinsic tyrosine residues’. In the human body, due to alternative
splicing of exon 11 of the IR gene, two IR transcripts are generated, resulting in IR-A (lack-
ing exon 11) and in IR-B (full length)2 The relative abundance of mRNAs encoding the
IR-A and IR-B isoforms is regulated in a tissue-specific manner® and also differs by stage
of cell development and differentiation. The IR-A is the predominant isoform in foetal
tissues and cancer cells, while the IR-B is the classical receptor for insulin with metabolic
effects in muscle, liver and adipose tissues®**. Although studies have suggested that dif-
ferences between IR-A and IR-B in terms of receptor activation and signalling may result
in different functions of each IR isoform?, it appears that most cells have both IR isoforms
and that the ratio of the two seems to be very important?.

In Chapter 2 we describe the development and validation of two Kinase Receptor Ac-
tivation (KIRA) assays specific for the IR-A and IR-B, respectively, which quantify ligand/
serum induced phosphorylation of the tyrosine residues within the IRs.

We found that the signal of both IR KIRA assays was relatively independent of serum
dilution as long as the serum dilutions were kept below 1:16. A comparable phenom-
enon has been described for the IGF-IR specific KIRA assay® and has been ascribed to the
buffering capacity of the IGFBPs which liberate IGF-I during dilution. We showed, in both
IR KIRA assays, that specific antibodies directed against IGF-I and IGF-Il could partially
reduce the signal. This suggests that IGF-l and IGF-Il in human serum may contribute to
IR-A and IR-B signalling and contribute substantially to total insulin-like bioactivity. Here,
it is good to recall that already more than 50 years ago, Yalow and Berson showed that
serum contained higher insulin-like activity than immunoreactive insulin concentra-
tions®. In addition, Froesch showed that specific anti-insulin antibodies could only block
a small portion of total insulin-like activity’. Moreover, the presence of insulin antibodies
orinsulin analogues or excessive amounts of proinsulin may cause considerable discrep-
ancies between immunological insulin concentrations and bioactive insulin®. However,
probably enforced by the introduction of the RIA (first) for insulin and (later) for IGFs,
these observations have long been ignored. This may not be surprising since insulin
bioassays showed highly variable results. Over time several attempts have been made
to introduce new bioassays to measure insulin-like activity but so far they have not been
able to determine human serum bioactivity on human cells with high sensitivity and
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low intra- and interassay variability. However, the two IR KIRA assays show a reasonably
sensitivity (detection limits of 32 pmol/L of insulin) and for bioassays exceptionally low
intra- and inter-assay variations (<12% and <15%, respectively).

As discussed previously, it has been suggested that the IR and IGF-IR act at identical
portals to the regulation of gene expression, with differences between insulin and IGF
effects due to a modulation of the signal created by the specific ligand-receptor interac-
tions8. As a consequence it is almost impossible in most in vitro cell lines to disentangle
the individual contribution of each type receptor to the final downstream event. How-
ever, both KIRA assays distinguish serum insulin-like stimulating activity for the IR-A and
the IR-B. This may help to gain more insight in the role of the two IR isoforms in health
and disease.

Insulin and insulin analogues have variable cross-reactivity in insulin immunoassays.
In addition, it has been reported that antibody cross-reactivity for insulin within an assay
system can be concentration dependent®. In our hospital we currently make use of a
solid-phase, enzyme-labelled chemiluminescent immunometric assay (Immulite 2000)
to measure immunoreactive insulin concentrations. When samples with known amounts
of insulin analogues (range 100, 1.000, 10.000 and 100.000 pmol/L) were tested, we
found that this insulin immunoassay, only measured the real concentrations in samples
when these samples contained very high (100.000 pmol/L) i.e. supraphysiological con-
centrations of an insulin analogue (Figure 1, unpublished data). In contrast, both IR KIRA
assays were able to detect a more or less equal IR activation by human (native) insulin
and insulin analogues over the whole range of concentrations tested' (Figure 2). Only
insulin detemir induced a lower IR activation than human insulin'. This, however, is in
agreement with clinical practice where the formulation of insulin detemir is 4-fold more
concentrated than insulin in order to match biological potency'.

So, the immunoassay measures the ability of analogues to cross-react in the assay,
whereas the IR KIRA assays seem to be able to detect the real and actual bioactivity
of the insulin analogues, which is usually the main goal of clinicians when measuring
insulin®. Accordingly, the IR KIRA assays may permit the measurement of the “total” cir-
culating insulin bioactivity in serum from patients receiving treatment with both insulin
and insulin analogues.

Although the operational range of the IR KIRA assays allows to quantify the overall
effect of total insulin-like factors in serum, it should be acknowledged that the KIRA as-
says (as for all in-vitro systems) do not mimic the exact in vivo situation. The KIRA assays
only provide a crude, albeit convenient, measure of IR activation. IR KIRA assay results do
not necessarily reflect bioactivity at the local tissue level, with the notable exception of
vascular endothelial cells. Moveover, the contribution of various circulating peptides in
activating the IRs in vivo depends not only on their concentrations and bioavailability,
but also on the relative and absolute concentrations of the two IR present on various
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Figure 1.

Detection of insulin and insulin analogues by an insulin immunoassay. Samples which contained known
amounts (100 (A), 1000 (B), 10.000 (C) and 100.000 (D) pmol/L) of insulin or insulin aspart (black bars),
insulin lispro (dark grey bars), insulin glargine (light grey bars) or insulin detemir (white bars) in KRB 0.1%
HSA were measured by a commercially available insulin assay. Samples containing insulin were arbitrarily
set at 100% to test cross-reactivity with insulin analogues. Data are shown as mean (+SEM) percentage of
three independent experiments. ***P<0.001 for significant different cross-reactivity with insulin.
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Figure 2.

Detection of insulin and insulin analogues by the IR-A (left) and IR-B (right) KIRA assay. Cells were
stimulated with samples which contained known amounts (100, 1000, 10.000 and 100.000 pmol/L) of
insulin or insulin aspart (black bars), insulin lispro (dark grey bars), insulin glargine (light grey bars) or
insulin detemir (white bars) in KRB 0.1% HSA. Protocol was followed as described in the Methods section
in Chapter 2. IR activation induced by insulin was arbitrarily set at 100%. Data are shown as mean (+SEM)
percentage of three independent experiments. ** P<0.01, ***P<0.001 for significant different IR activation
compared to insulin.
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target tissues. In most tissues and cells where significant levels of both IRs and IGF-IRs
are present, hybrids may be formed. These hybrids are heterodimeric receptors consist-
ing of an IR alpha/beta monomer and an IGF-IR alpha/beta monomer linked by disulfide
bonds. Such hybrids are probably formed during normal post- translational processing
of both receptors' and are widely expressed in normal tissues and often aberrantly ex-
pressed in cancer cells'™. Since both IR isoforms and IGF-IRs are endogenously expressed
in our cell lines, theoretically at least three hybrids may be formed: IR-A/IR-B, IR-A/IGF-IR
and IR-B/IGF-IR. This could have influenced our findings. However, we also demonstrated
that our cell lines have very low endogenous levels of both IR-isoforms and the IGF-IRs
compared to the transfected IR-isoform. Thus, the endogenous IRs and IGF-IRs are most
probably out-competed in our IR KIRA assays following the high expression levels of
the exogenous IRs achieved by transfection. In addition, although the precise biological
role of the hybrids is still unclear, functional studies have demonstrated that IR/IGF-IR
hybrids behave more like IGF-IRs than IRs% So, although hybrid receptors may well play
an important role in vivo, their relative contribution to the endpoint signal of both KIRA
assays is assumed to be low but cannot be completely excluded.

Finally, the IRs have up to 6 key tyrosine residues and the antibody used in our study
to detect the tyrosine residues may not necessarily recognize all residues with the same
affinity. As the distinct roles of the different tyrosine residues remain to be clarified, this
aspect may be of importance.

In conclusion, although some recognizable limitations, IR KIRA assays quantify human
serum insulin-like activity in a reliable manner and are able to provide significant other
and novel information (next to immunoassays) on the insulin system by taking into ac-
count both IR isoforms and the modifying effects of the IGFs on this system.

11.2 DO MODIFICATIONS OF HUMAN INSULIN STRUCTURE CHANGE POTENCY
OF INSULIN ANALOGUES TO ACTIVATE THE IGF-IR, IR-A AND IR-B AND DOES
THIS CHANGE SERUM BIOACTIVITY?

The structures of the IR and IGF-IR resemble each other to such an extent that insulin
and IGFs can interact with each others receptor, although with quite different affinities.
Structural modification of the insulin molecule may result in altered binding affinities
and activities to the IR and/or the IGF-IR. As a consequence, insulin analogues may have
an increased/decreased metabolic action and an increased/decreased mitogenic action
compared to human insulin. The amino acid residues in the insulin molecule that are es-
sential for binding to the IR have been identified. Especially modifications at positions
of the C-terminus of the B-chain, do not seem to significantly influence insulin binding
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to the IR"'8, On the other hand, substitutions of amino acids in the B- chain do result
in insulin molecules, which show increased structural homology with IGF-I, and as a
consequence have an increased affinity for the IGF-IR'®"7.

In 2009 four observational studies were published of which three suggested that use of
insulin glargine was associated with an increased risk of cancer'®?2, The FDA reviewed
these four studies and concluded that ‘the evidence presented was inconclusive, due to
limitations in how the studies were designed, carried out and in the data available for
analysis'®. Nevertheless these findings did raise concerns as to whether or not insulin
glargine promotes cell proliferation and growth of neoplasms. Especially since, in vitro,
at high concentrations, insulin glargine was also found to be more potent than human
insulin in stimulating the IGF-IR'7:2#%%, In contrast, short-acting insulin analogues did not
seem to bring additive risks in this respect®.

In Chapter 3 we studied whether short- and long-acting insulin analogues differed from
human insulin in their potency to activate the IGF-IR, IR-A and IR-B in vitro by using the
KIRA assays specific for the respective receptors (the IGF-IR specific KIRA assay has been
developed in 2003 by Chen et al.?). In line with a previous study by Kurtzhals et al."”,
when we assessed stimulating activity for the IGF-IR, IR-A and IR-B in vitro, we found
that short-acting insulin analogues (insulin lispro and insulin aspart) did not differ sub-
stantially from human insulin, nor from each other. In contrast, insulin glargine, at high
concentrations, was more potent than human insulin in activating the IGF-IR in vitro.

A considerable fraction of insulin glargine is metabolized in vivo before it enters the
circulation (see below). This makes it questionable whether in vitro results of insulin
glargine may be extrapolated and thus are representative for its actions in vivo.

In Chapter 4 we measured serum IGF-IR bioactivity (by the IGF-IR specific KIRA assay)
in 104 type 2 diabetic patients randomized for insulin glargine or NPH insulin therapy
for a prolonged time. We found that at baseline and after 36 weeks of insulin therapy,
there was no difference in IGF-IR bioactivity between the two treatment groups?. We
hypothesized that a potential explanation for the discrepancies between the previous in
vitro results and these in vivo results of insulin glargine might lay in the dosing of insulin
glargine in vivo. Although at this time insulin concentrations were not measured in our
study, by extrapolating results from previous studies' 28 to ours, it seemed unlikely that
free plasma insulin glargine concentrations exceeded 500-850 pmol/l during treatment.
The latter suggests that in vivo concentrations of insulin glargine do probably not reach

concentrations at which we and others had observed differences in IGF-IR activation in
VitI’O”' 17, 24—25,29‘
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Another explanation for the discrepancies between the in vitro and in vivo results of
insulin glargine could be that insulin glargine is metabolized in vivo. The metabolites of
insulin glargine may be less potent than native insulin glargine to activate the IGF-IR.
The findings presented in Chapter 5 support the latter hypothesis.

At a first glance, quite surprisingly, we found that prolonged insulin treatment, in-
stead of increasing IGF-IR bioactivity, further decreased IGF-IR bioactivity, while it did
not change total IGF-I concentrations. There is considerable evidence to suggest that
exogenous insulin (via subcutaneous insulin injection) has feedback inhibition on en-
dogenous insulin secretion (secretion by the pancreas)®. Insulin enhances hepatic IGF-I
production by regulating hepatic GH expression®' and/or by a permissive effect on GH
mediated postreceptor effects®2 Insulin also has an important role in controlling IGF-IR
bioactivity by regulating circulating concentrations of IGFBPs, especially IGFBP-1%. So,
suppression of portal insulin by exogenous insulin therapy may have reduced portal
insulin levels leading to (decreased hepatic IGF-I production and) reduced bioavailable
IGF-1. In favour of this latter possibility, we observed in a previous study in critically ill
children a significantly lower IGF-IR bioactivity and lower C-peptide levels and higher
IGFBP-1 levels after intensive insulin therapy than after conventional insulin therapy>*.
In an earlier study by Arafat et al.*®, acute hyperinsulinemia also suppressed IGF-IR
bioactivity. The decrease in circulating IGF-IR bioactivity in this study was attributed to
insulin-mediated effects on circulating IGFBPs: insulin suppressed IGFBP-4 and IGFBP-1
and increased IGFBP-2 concentrations®>. Unfortunately, in our study, we did not measure
IGFBPs.

In contrast to IGF-IR bioactivity, total IGF-I levels did not change during insulin treat-
ment in our study and in both previous studies**3>. However, immunoasssays not always
accurately measure total IGF-I levels due to problems with assay standardization and/
or with assay methodology?®*. In this respect, it has been suggested that the IGF-IR KIRA
assay is more sensitive than the common total IGF-l immunoassays to detect differences
in clinical state®. Moreover, the IGF-IR KIRA assay often seems to be superior to common
IGF-limmunoassays to monitor therapeutic interventions®. Our results seem to confirm
this.

It has been reported that IGFBP-3 protease activity is increased in untreated diabetic
patients and decreases after several days of insulin treatment®3°. The latter effect may
also have attributed to the observed decrease in IGF-IR bioactivity in our study during
insulin treatment.

Another point that should be stressed is, that in our study the decline in serum IGF-IR
bioactivity during insulin treatment was found under co-medication with relatively high
doses of metformin. Metformin is a widely prescribed anti-diabetic drug which is recom-
mended as the initial pharmacological therapy together with lifestyle interventions for
type 2 diabetes®. All patients in our study were already treated with metformin for at
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least three months before being randomly assigned to either insulin glargine or NPH in-
sulin therapy. Several studies have shown that metformin treatment is associated with a
lower cancer risk?>4*2, Therefore, concomitant metformin use has been suggested to be
a potential confounder when it comes to estimating the risks of insulin therapy for can-
cer?®, However, it has been implied that a large number of studies reporting reductions
in the incidence of or mortality from cancer after use of metformin, are afflicted with
time-related biases*. Therefore, recently the potential beneficial effects of metformin on
cancer were even seriously questioned®. Nevertheless, the in vivo-evidence supporting
a beneficial effect of metformin are strong*4,

Metformin reverses endogenous hyperinsulinemia through its effects on glucose
homeostasis and therefore may directly have antiproliferative effects*. Indirectly, a
reduction of endogenous insulin levels may also lower IGF-IR bioactivity and improve
insulin sensitivity*. Most importantly, metformin activates the AMP-activated protein
kinase (AMPK) signalling pathway*. One of the major growth regulatory pathways
controlled by AMPK is the mammalian target of rapamycin (mTOR) pathway and its
downstream substrates*%. In addition, in NIH-3T3 cells, stimulation of AMPK inhibits
the ability of IGF-I to activate ras and its downstream targets but phosphorylation of
the activated IGF-IR appeared to be unaffected by this increase in AMPK activity*. So,
metformin is suggested to interfere with IGF-I signalling at the postreceptor level and
not at the receptor level. Yet, we cannot exclude that concomitant metformin therapy
has influenced our findings. On the other hand, in our study we merely addressed IGF-IR
bioactivity and not cancer incidence.

Our study suggests that treatment with insulin glargine in vivo does not result in an
increased IGF-IR signalling compared to human insulin. It is important to emphasize
that with the IGF-IR specific KIRA assay merely phosphorylation of the tyrosine residues
within the beta-subunits of the IGF-IR is quantified. It cannot be assessed whether acti-
vation of the IGF-IR by an insulin analogue results in a normal (i.e. balanced metabolic
and mitogenic) activity at cellular level in vivo. The IGF-IR may differentially elicit biologi-
cal effects and intracellular signalling upon binding of different insulin analogues. In this
respect it has been suggested that intracellular signalling induced by insulin analogues
differs from human insulin: insulin analogues preferentially activate the ERK (mitogenic)
pathway rather than the AKT (metabolic) pathway*®. Thus there is still a chance that
(subtle) differences in the molecular structure of insulin analogues may affect in vivo sig-
nalling at the postreceptor level and thereby induce an abnormal metabolic:mitogenic
ratio2 Our findings are in line with a recently published paper in which, in an animal
model of type 2 diabetes, no differences were demonstrated in the degree of colonic
epithelial proliferation between animals treated with insulin glargine or NPH insulin®'.
Nevertheless, in that study insulin treatment did result in a higher degree of colonic
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epithelial proliferation, thereby pointing towards the potential mitogenic properties of
all insulins, irrespective of the type of insulin®'. Our results are furthermore supported
by recent findings from a French study among 70,027 patients aged 40-79 yrs with a me-
dian follow-up of 2.67 yrs*2 and by a recent meta-analysis®* who reported no increased
cancer risk in patients treated with insulin glargine compared to other insulins.

The discussion about enhanced proliferative activity of certain insulin analogues has
mainly focused on increased signalling via the IGF-IR. However, the IR and IGF-IR ex-
pression vary in a tissue-specific manner and inter-individual differences in the levels of
proteins of the IGF-IR system may also function as a critical determinant of the mitogenic
potency of insulin analogues®.

Hansen et al.** have shown that an increased mitogenic potency of insulin analogues
may not only be due to an increased affinity for the IGF-IR but may also result from
slow ligand dissociation from the IR. IRs, like IGF-IRs, are overexpressed in many human
malignancies®. Interestingly, especially the IR-A isoform is overexpressed in cancer and
has the peculiar characteristic to bind not only insulin but also IGF-Il and, although to
a lesser extent, IGF-12°¢, Thus, overexpression of IR-A may play a key role in the forma-
tion and progression of human cancers after starting treatment with insulin or insulin
analogues.

In Chapter 5 we investigated the in vitro potency of insulin glargine, its metabolites (M1,
M2), IGF-l and NPH insulin to activate the IGF-IR, IR-A and IR-B by using the KIRA assays
specific for the respective receptors. We found that, in contrast to insulin glargine, (also
at supraphysiological concentrations) M1 and M2 induced equal IGF-IR activation as
compared to human insulin. M1 was also equally potent as compared to human insulin
in activating the IR-A and IR-B. In contrast, M2, at supraphysiological concentrations,
was more potent than human insulin in activating both IR isoforms. Our findings are
supported by previous studies, which have demonstrated that M1 has a lower mito-
genic potential than insulin glargine, which is even lower than that of human insulin.
Sommerfeld et al,, found a higher affinity of insulin glargine for the IGF-IR than insulin
and a more potent stimulation of thymidine incorporation in Saos-2 cells*’. In contrast,
M1 and M2 were significantly less active in binding to and activation of the IGF-IR and
their mitogenicity in Saos-2 cells was equal to that of human insulin®’. In another study,
IGF-1 and insulin glargine more efficiently stimulated phosphatidyl-inositol 3 phosphate
PIP(3) production in breast cancer-derived MCF-7 cells as compared to human insulin®.
In contrast, as compared to insulin, M1 and M2 showed lower potency in stimulating
hybrid receptors (IR/IGF-IR), they induced less PIP(3) production, less Akt and Erk1/2
phosphorylation and less DNA synthesis in MCF-7 cells. These in vitro results are in
keeping with our findings of slightly greater IR-A, IR-B and IGF-IR activation at high
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(supraphysiological) concentrations by insulin glargine compared to human insulin, and
with data showing that M1 and M2 do not share these properties of insulin glargine.

We also measured insulin glargine, M1 and M2 concentrations in plasma of 57 type 2
diabetic patients during insulin therapy. Moreover, we compared serum induced IR-A
and IR-B activation (by IR-A and IR-B specific KIRA assays, respectively) of 104 patients
treated with insulin glargine or NPH insulin. Interestingly we found that only M1, and
not insulin glargine nor M2, could be detected in the plasma of these patients. This may
(at least partly) explain why we previously? (as discussed in Chapter 4) were not able
to detect differences in serum-induced IGF-IR activation between patients treated with
insulin glargine or human insulin. Similarly, this may (partly) explain why we could not
find differences in potency of serum to activate the IR-A or IR-B. These results do not
support the idea that treatment with insulin glargine in type 2 diabetes leads to a stron-
ger stimulation of the IR than NPH insulin. However, we did find a positive relationship
between insulin dose and serum-induced IR-A activation for both treatment groups.

In contrast to what would be expected, we did not find insulin therapy to increase se-
rum-induced IR-B activation. The absence of a change in IR-B and IR-A activation during
insulin therapy is at first glance unexpected since the decrease in fasting glucose and
HbA, _levels after 36 weeks insulin therapy point towards an enhanced insulin action.
Several mechanisms could explain this finding. First of all, it should be stressed that, as
discussed above, this result was found under co-medication of metformin. Thus overall,
the glucose lowering effect of insulin may have increased due to a metformin-induced
improvement in insulin sensitivity. In addition, starting insulin therapy may have further
improved insulin sensitivity by eliminating hyperglycaemia and by reducing free fatty
acids®. Moreover, also in this study population, serum ALAT significantly decreased dur-
ing insulin therapy®. Hepatic fat content usually correlates with ALAT®' and increases
hepatic insulin resistance®® and as a consequence, with insulin requirements®*%, So,
starting insulin therapy most likely increased insulin sensitivity in our study (by a combi-
nation of metformin use, decreased glucose toxicity and lipotoxicity), which lowers the
need for circulating insulin(-like) activity. In addition, the prevailing circulating insulin
activity mirrors not only the insulin subcutaneously administered and endogenous
insulin secretion but also (hepatic) insulin clearance. An improvement in hepatic insulin
extraction after starting insulin therapy may have contributed to an absence of a change
in IR-B and IR-A activation®. Also, as reported in Chapter 4, by increasing the peripheral
exogenous insulin concentration (and by lowering glucose levels), basal endogenous in-
sulin secretion by the pancreas may decrease leading to a decrease of the portal insulin
concentration®. One of the problems in the past concerned the difficulty of measuring
the sum of the total effects of endogenous insulin and exogenous insulin (analogue)
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levels. Our study suggests that with the IR specific KIRA assays, such measurement is
probably possible. Absolute insulin bioactivity was higher for the IR-B than for the IR-A
at baseline and after 36 weeks of insulin therapy. This latter difference is consistent with
the intrinsically greater in vitro kinase activity of the IR-B than IR-A reported previously®®.
However, the difference may be also (partly) due to the lower number of IRs in the IR-A
HEK cell line than in the IR-B HEK cell line which are used for the IR KIRA assays®’.

It needs to be addressed that serum samples from our studies performed in type 2
diabetic patients, were obtained from the LANMET study. The LANMET study was a mul-
ticenter, open, randomized, parallel-group study published in 2006% in which efficacy
and safety of bedtime insulin glargine and metformin were compared to NPH insulin
and metformin treatment in insulin-naive poorly controlled type 2 diabetic patients. So,
the LANMET study was not primarily designed and performed to study the effects of
insulin therapy on IR-A or IR-B or IGF-IR stimulating activities. Bioactivity could thus only
be studied during a relatively short follow-up period and in subjects who were already
treated with metformin. Therefore the post-hoc analysis in our study was inevitable.

In conclusion, the results in Chapter 3-5 show that in vitro results of insulin glargine may
not be extrapolated to its in vivo actions. In vivo, insulin glargine is metabolized into M1
and M2 of which only the former can be detected in serum from patients treated with
insulin glargine. M1 does not differ from human insulin in potency to activate the IGF-IR,
IR-A and IR-B in vitro.

Serum IGF-IR, IR-A and IR-B bioactivity did not differ between patients treated with
either insulin glargine or NPH insulin. These results do not support the idea that treat-
ment with insulin glargine in type 2 diabetes leads to a stronger stimulation of the IGF-IR
or IR than NPH insulin. However, the positive relationship between insulin dose and
serum-induced IR-A activation for both treatment groups suggests that, irrespective of
insulin type, there may be an enhanced IR-A signalling in subjects who are treated with
relatively high insulin doses. Nevertheless, at present it is unclear whether this may have
any consequences for insulin dosing in clinical practice.

It would be interesting to study the modifying effects of insulin therapy on IGF-IR bio-
activity and IR bioactivity in type 1 diabetic subjects since they have decreased portal
insulin concentrations on beforehand.

Moreover, future studies will have to investigate whether insulin therapy has similar
effects on IR and IGF-IR bioactivity in the postprandial state (which is characterized by
relatively high glucose levels) and whether bioactivity is related to the development of
diabetic complications.
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11.3 TOTAL IGF-I DEFICIENCY OR EXCESS; WHAT ABOUT IGF-IR BIOACTIVITY?

Growth hormone (GH) is considered the main regulator of circulating total IGF-I. Circulat-
ing total IGF-I is therefore routinely used for diagnosis and monitoring treatment of GH
deficiency (GHD) and acromegaly. Nevertheless, discrepancies between clinical findings,
GH and circulating total IGF-I levels are frequently encountered in clinical practice.

Many of the methods currently used for measurement of circulating total IGFs are
hampered by interferences of IGFBPs remaining after extraction®.

The most important reason that total IGF-I levels are still used as a measure of IGF-IR
bioactivity has been the lack of reliable assays to measure IGF-IR bioactivity. In 2003, an
IGF-IR specific KIRA assay was developed as an alternative method to evaluate levels of
bioavailable IGF-I°. The principle of the IGF-IR KIRA assay is based on quantification of
serum (or ligand)-induced IGF-IR phosphorylation in cells transfected with the human
IGF-IR>%°. In 2008, normal values for IGF-IR bioactivity have been established in our labo-
ratory by using the IGF-IR KIRA assay’®. Compared to current IGF-l immunoassays, this
assay theoretically has the advantage of measuring the net effects of serum on IGF-IR ac-
tivation since it does not ignore the modifying effects of IGFBPs and IGFBP proteases on
the interaction between IGFs and the IGF-IR3”:7°, Nevertheless, one should be cautious in
interpreting IGF-IR bioactivity at the tissue level from circulating concentrations”'. In ad-
dition to the circulating IGFBP profile and BP protease activity in the circulation, IGFBPs
and BP proteases at the tissue level may also influence IGF-IR activation’".

11.3.1. Growth hormone deficiency

With increasing age, the contribution of GH to circulating total IGF-I levels appears to
diminish. In a substantial fraction of patients diagnosed as GH deficient, total IGF-1 levels
remain within the normal range, especially in patients above 40 yr of age”?”3. It has been
proven that the diagnosis of GH disorders cannot solely rely on determination of total
IGF-1. Therefore, current diagnostic testing uses provocative tests of GH secretion’.

In Chapter 6 we investigated the diagnostic value of IGF-IR bioactivity (by the IGF-IR spe-
cific KIRA assay) in 94 patients with proven GHD, determined by GH provocative tests.
81 Patients had already been treated with recombinant human GH and were asked to
discontinue GH treatment for one month before baseline values were established. 13
patients were GH-naive.

We found that only 62% of confirmed untreated GH deficient patients had total IGF-I
levels below the normal range, whereas for IGF-IR bioactivity this percentage was 82%.
Moreover, for total IGF-I this percentage decreased to 57% in patients aged above 40
years (compared to 88% below 40 years of age), while for IGF-IR bioactivity this per-
centage remained high in patients aged above 40 years of age (74% above 40 years,
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84% below 40 years of age). This suggests that IGF-IR bioactivity can better distinguish
untreated GH deficient patients from healthy subjects and thus offers advantages over
the measurement of total IGF-1 in the diagnosis of GHD. Moreover it suggests that circu-
lating IGF-IR bioactivity is a better marker of GH action throughout lifespan. In favour of
this argument, in our study we observed that IGF-IR bioactivity significantly decreased
with longer duration of GHD, while such relationship was not found for total IGF-I.

It has been reported that the combination of >3 pituitary hormone deficits and a serum
total IGF-I concentration <11nmol/L predicts adult GHD with 95% accuracy’. However,
many patients with GHD have <3 pituitary hormone deficits. Our study shows that be-
fore starting GH therapy, the percentage of GH deficient patients with IGF-IR bioactivity
below the normal range was high and independent of the number pituitary deficits,
whereas for total IGF-I this percentage decreased with a decreasing number of pituitary
deficits. Again, this suggests that circulating IGF-IR bioactivity is a better marker for
diagnosing GHD than total IGF-I.

Although the cross-reactivity for IGF-Il in this IGF-IR KIRA assay is only 12%?>, the con-
tribution of IGF-Il in untreated GH deficient subjects may be relatively more significant
considering the fact that IGF-Il production is relatively GH independent’®. Indeed we
found that addition of an IGF-II neutralizing antibody (80nmol/L) to ten fold diluted
pooled sera from healthy subjects and from GH deficient subjects decreased the IGF-IR
KIRA assay signal by 16% vs. 64% (Figure 3, unpublished data). Although IGF-Il concen-
trations were not measured in our study, these results support the idea that the relative
contribution of IGF-Il is more important in GH deficient patients than in healthy subjects.
In addition, this underlines again that the IGF-IR KIRA assay is more sensitive than the
common total IGF-l immunoassays to detect differences in clinical state®.

Untreated GHD is recognized to result in alterations in body composition, glucose and
lipid metabolism, bone metabolism and physical performance”. The beneficial effects
of long-term GH replacement on body composition and metabolism in patients with
GHD are well documented”. In addition to metabolic disturbances in GHD, QoL is im-
paired’®®', Evaluations of QoL, one of the key clinical endpoints, have shown a high de-
gree of variability although it has been found to improve with GH replacement therapy
when determined by disease specific questionnaires®'#¢,

During GH therapy, GH dose is nowadays titrated against total IGF-I concentrations.
According to consensus guidelines, total IGF-I values should be kept in the age-related
normal range” ®8_ However, as discussed above, in a substantial fraction of patients
diagnosed as GH deficient, total IGF-I concentrations are within the normal range before
starting GH therapy’>®., Yet, no consistent relation has been found between improve-
ment of QoL and total IGF-I during GH therapy.
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Figure 3.

The contribution of IGF-Il present in serum in healthy subjects compared to GH deficient subjects. An IGF-
Il neutralizing antibody (80nmol/L) was incubated with ten fold diluted pooled sera from healthy subjects
and from GH deficient subjects for 1 hour at 37°C. After incubation, protocol was followed as described in

the Methods section in Chapter 6. Addition of an IGF-Il neutralizing antibody to pooled sera from healthy

subjects resulted in a 16% decrease of the IGF-IR KIRA signal. Addition of an IGF-II neutralizing antibody to
pooled sera from GH deficient subjects resulted in a 64% decrease of the IGF-IR KIRA signal.

In Chapter 7 we investigated the relationship between IGF-IR bioactivity (by the IGF-IR
specific KIRA assay) and QoL during 12 months of GH treatment of 106 GH deficient
patients (22 were GH-naive, 84 were already on GH treatment and discontinued
therapy 4 weeks before baseline values were established). QoL was measured by using
the Questions on Life Satisfaction-Hypopituitarism (QLS-H) Module and the Short form
(SF) Health Survey-36 questionnaire (SF-36Q). The QLS-H module has been suggested
to more likely identify impairments specifically related to GHD and (eventually) benefits
of GH treatment than the SF-36Q. In contrast to the QLS-H, the SF-36Q was designed to
evaluate QoL in the general population®*,

After 12 months of GH replacement therapy, we did not find a significant improvement
in disease specific QoL as measured by the QLS-H module. Our results are in contrast
to previously published data from Rosilio et al., who reported a significant increase in
QLS-H Z-scores after 1 yr of GH treatment in a much larger cohort of GHD patients®'.
The study by Rosilio et al. was performed in 7 countries including the Netherlands. In
contrast to that study, the majority of patients in our study was not GH treatment naive
at the moment of inclusion and had already been substituted for GH and other pituitary
hormonal deficits for many years.

In our study baseline QLS-H Z-scores were established after 1 month off GH treat-
ment. One month off GH treatment is generally considered to be long enough to restore
baselines values for biochemical parameters (such as IGF-IR bioactivity and total IGF-I),
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that existed before the start of the GH therapy®'. However, our study suggests that one
month off GH treatment may not be long enough to obtain QoL values back to the level
before GH therapy was first started. As to yet there is no clear consensus how long a
minimal withdrawal period from GH-treatment should be to obtain QoL values back to
the level before GH therapy was first started. A recent study reported significant changes
in QoL after 4 months of GH withdrawal®2.

The potential degree of improvement in QoL is generally proportional to the deviation
from normality before start of GH therapy®®. Poorer pretreatment QoL is usually associ-
ated with a greater improvement in QoL after administration of GH*. Thus the relatively
high baseline QLS-H Z-scores in our study at baseline may have been an important factor
for the lack of improvement in QoL after restarting GH therapy. However, QLS-H Z-scores
also did not significantly increase after 12 months of GH replacement therapy in GH-
naive patients. This may be due to the small sample size of GH-naive patients since GH
replacement has been found to improve QoL only with a small effect size® .

Despite the fact that disease specific QLS-H Z-score had not improved after 12 months
of GH treatment, QLS-H Z-score was significantly correlated to IGF-IR bioactivity but not
to total IGF-I.

After 12 months, IGF-IR bioactivity was still below normal in more than 40% of patients
in whom total IGF-I had normalized. Most strikingly we found, that in patients in whom
IGF-IR bioactivity had not normalized after 12 months, QLS-H Z-scores were significantly
lower compared to patients in whom IGF-IR bioactivity had normalized. This discrepancy
was not found for total IGF-I.

In our study, GH dose was titrated against total IGF-I concentrations and in accor-
dance to recent guidelines, serum IGF-I concentrations were targeted to the middle
(Z-score=0)%. In this respect, it would be interesting to study QLS-H Z-scores using IGF-IR
bioactivity as parameter to titrate GH dose.

12 Months of GH therapy also did not improve QoL when measured by the generic
SF-36Q. The physical component summary of this questionnaire, but not the mental
component summary, was positively related to both total IGF-l and IGF-IR bioactivity.

Patients with total IGF-I concentrations within the normal range scored significantly
higher on the mental and physical component summary of the SF-36Q than patients
with IGF-I concentrations below the normal range, while for IGF-IR bioactivity such dif-
ferences were not found. So, total IGF-I1 was more strongly related to changes in the
generic SF-36Q than IGF-IR bioactivity. In contrast, IGF-IR bioactivity was more strongly
related to changes in the disease specific QLS-H module.

Several limitations of our study should be addressed. Our study did not have a random-
ized placebo-controlled design. Further GH was titrated on the results of total IGF-I con-
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centrations, while IGF-IR bioactivity was not taken into account. Evaluation of effects of
GH replacement is complex: IGF-I concentrations and IGF-IR bioactivity are regulated by
many factors other than GH such as nutrition, adequate insulin secretion, the immune
system, several tissue-specific factors such as gonadotrophins, sex steroids, cortisol
and thyroid function and last but not least genetic factors®”*°. Many factors other than
IGF-I determine QoL. They include (abnormal) body composition, decreased exercise
capacity, metabolic disturbances, other hormonal deficits and their treatments, possible
neuroendocrine effects in the central nervous system and comorbidities'.

There is evidence that the clinical manifestations and ‘experience’ of GHD in adult-
hood differs according to whether the patients acquired their disease in childhood or
adulthood™'. Unfortunately, the study was not powered to assess differences in QoL
between subjects with adult-onset vs. childhood-onset GHD or to access differences
between patients with different underlying disease or to study the effect of co-replaced
hormones. In addition, the duration of follow-up was relatively short and some GH-
mediated effects may only become manifest after long-term GH treatment.

As discussed above, during GH therapy GH dose is titrated against total IGF-I levels and
the consensus guidelines advise that “values should be kept in the age-related normal
range"”> 8% Thus, the values of total IGF-I can be normal to begin with and yet that is
the goal of therapy. Previous studies have shown that the relationship between serum
IGF-1 response during GH treatment and other treatment effects such as metabolic
endpoints and body composition is poor'®7'%, |n addition it has been reported that
long-term monitoring of GH therapy by using age- and sex-adjusted normal serum
total IGF-I values, might lead to different dose adjustments when different total IGF-I
immunoassays are used'.

In Chapter 8 we investigated the value of IGF-IR bioactivity for monitoring GH therapy
(during 12 months) in 106 GH deficient patients.

The most striking finding in our study was, that during 12 months of GH treatment,
changes in IGF-IR bioactivity did not parallel changes in total IGF-I. Interestingly, IGF-IR
bioactivity remained subnormal despite normalization of total IGF-I in a considerable
proportion of patients.

In addition, we found a significant positive relationship between IGF-IR bioactivity and
beta-cell function as assessed by homeostasis model assessment (HOMA). GH has been
shown to stimulate pancreatic beta-cell proliferation directly or via IGF-1"%1%, |GF-| is
considered to play an essential role in enhancing beta-cell function''%, We observed
no relationship between IGF-IR bioactivity and glucose or insulin resistance. In this re-
spect our study has limitations; firstly, we used fasting insulin and glucose based indices
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only, rather than the hyperinsulinemic clamp to assess insulin sensitivity. Secondly, total
IGF-I concentrations were used to titrate GH doses, while changes in IGF-IR bioactivity
were not taken into account. As a consequence total IGF-I concentrations had normal-
ized in 81% of patients while IGF-IR bioactivity had normalized in only 51% of patients
after 12 months of GH treatment.

In our study, most patients were not GH treatment naive and had already been
substituted for GH and other pituitary hormonal deficits for many years. Nevertheless,
after 12 months of GH treatment total IGF-I was inversely related to fat mass percentage
suggesting an improvement in body composition. But despite a significant decrease in
fat mass percentage after 12 months of GH treatment, waist circumference and WHR,
fasting glucose, fasting insulin levels and insulin sensitivity as measured by HOMA
increased. Total IGF-I was not related to waist circumference, WHR or insulin sensitivity.
Thus, the improvement in body composition did not coincide with improvements in
insulin sensitivity. This may be explained by the action of GH to induce insulin resistance,
independent of IGF-I'8, Also, probably as a consequence of this latter action of GH,
long-term studies in which GH doses were titrated to normalise total IGF-I levels have
reported a decrease, no change or an increase in insulin sensitivity '3,

The question arises why changes in IGF-IR bioactivity did not parallel changes in total
IGF-1. First of all, as discussed above, the IGF-IR KIRA bioassay takes into account the
modifying effects of IGFBPs on IGF-I action, while the IGF-l immunoassays do not. How-
ever, interestingly, both at baseline and after 12 months of GH treatment, total IGF-I was
more strongly related to IGFBPs (IGFBP-1 and IGFBP-3) than IGF-IR bioactivity.

An alternative explanation could be, that kinetics of IGF-IR bioactivity in the circu-
lation differed strikingly from those of total IGF-I during GH therapy. In favour of this
latter possibility, it was previously found that GH administration to GH deficient patients
caused only a parallel increase in circulating (immunoreactive) free IGF-I and total IGF-I
levels the first 10 hrs after subcutaneous injection'*. However, thereafter free IGF-I
started to decrease while total IGF-I concentrations levelled off''%. Furthermore, a close
temporal relationship has been reported between serum GH and free IGF-I levels: GH
serum peaked concomitantly with the rise in free IGF-I, and at the time when GH was
not longer detectable in serum, free IGF-I started to decrease'. Such relationship was
not found for total IGF-I. It is very likely that such relationship also exists between GH
and IGF-IR bioactivity. After subcutaneous injection maximum serum GH is reached after
about 260 minutes'™. In our study, fasting blood samples were drawn in the morning,
while the last GH injection had been given the evening before, thus long after maximum
serum GH concentrations were reached. However, the fact that in our study population
IGF-IR bioactivity was already lower than total IGF-I concentrations before starting GH
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treatment, argues against the possibility that differences in kinetics caused the discrep-
ancy between total IGF-I and IGF-IR bioactivity during GH therapy.

A third explanation for the observed discrepancy between total IGF-I and IGF-IR bio-
activity during GH therapy may be that total IGF-I concentrations did not adequately
reflect the actual IGF-I levels. As mentioned above, GH doses were titrated against cir-
culating total IGF-I concentrations and not against IGF-IR bioactivity. The assay for total
IGF-1 in our study has been calibrated against the WHO International Reference Reagent
for IGF-I Immunoassays (WHO IRR 87/518). The WHO IRR 87/518 is of low purity and the
assigned IGF-I protein content is higher than the value that can be determined by quan-
titative analysis'®. This may have resulted in falsely elevated total IGF-I concentrations.
As a consequence, the effect of GH treatment on total IGF-lI concentrations may have
been (systematically) overestimated. This latter option is supported by our findings that
in a considerable proportion of patients IGF-IR bioactivity was still subnormal after 12
months of GH treatment. In contrast to the total IGF-I immunoassay, the IGF-IR KIRA as-
say has been calibrated against a recombinant human IGF-I standard of high purity. Thus
IGF-IR bioactivity measured by the IGF-IR KIRA assay may better correspond to the actual
(bioactive) IGF-I present in the circulation than total IGF-I assays. As a consequence,
subnormal IGF-IR bioactivity might be real and reflect a relative undertreatment of GHD
despite normalization of total IGF-I concentrations.

Quarmby et al.’¢ previously showed that calibration against WHO IRR 87/518 was the
cause for systemic discrepancies between the Genentech total IGF-I normal ranges (not
calibrated against WHO IRR 87/518) and the normal ranges of several other commercially
available total IGF-I assays (all calibrated against WHO IRR 87/518).

Recently, a new WHO Reference Standard (IS 02/254) has become available. In contrast
to the WHO IRR 87/518, this new standard is a >97%-pure recombinant and has been
well characterized by the NIBSC'. It is at present unknown as to whether or not intro-
duction of this new IGF-I standard in total IGF-l immunoassays will be able to eliminate
the observed discrepancy between total IGF-l and IGF-IR bioactivity in our study. Future
studies will hopefully provide an answer to this question.

In conclusion, the results in Chapter 6-8 suggest a role for IGF-IR bioactivity in the evalu-
ation of adult GHD. Especially in the diagnosis of GHD, determination of IGF-IR bioactiv-
ity may offer advantages over total IGF-I.

During GH treatment (aiming at ‘normal’ total IGF-I concentrations), changes in to-
tal IGF-I did not parallel changes in IGF-IR bioactivity. In contrast to total IGF-I, IGF-IR
bioactivity remained below the normal range in a considerable proportion of patients.
Nevertheless, IGF-IR bioactivity was more strongly related to changes in the disease spe-
cific QLS-H module than total IGF-1, suggesting that IGF-IR bioactivity may better reflect
changes in disease-specific QoL in GHD. On the other hand, both total IGF-I and IGF-IR
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bioactivity were only related to body fat content or beta-cell function, respectively. In
order to finally answer the question whether IGF-IR bioactivity could also be a valuable
tool to monitor GH therapy in GHD and whether titrating GH dose against IGF-IR bio-
activity results in a better (metabolic) clinical outcome than titrating against total IGF-I
concentrations, we believe it will be necessary to perform a prospective randomized
placebo- controlled study in which in one group GH dose is titrated against IGF-IR bio-
activity, while in the other group GH dose is titrated against total IGF-I concentrations.

11.3.2. Acromegaly

Growth hormone and IGF-| are the ‘classical’ biochemical parameters used to diagnose
acromegaly and to assess disease activity during treatment. Nowadays, the diagnosis of
active acromegaly is based on clinical presentation, unsuppressed GH levels during an
oral glucose tolerance test (OGTT), and elevated age- and gender-matched total IGF-I
levels (and radiological detection of a pituitary tumour)'®. During treatment IGF-I is
considered to be the most feasible assessment'®'?, If patients still have symptoms of
active acromegaly, mean or single GH measurements can still be helpful (unless treated
with Pegvisomant)''®'?%°, Discordance between GH and total IGF-1 levels has been noted
in active acromegaly and in those following treatment''*'%,

In acromegaly, QoL has been reported to be significantly reduced in active untreated
disease and in controlled treated disease, even after long-term follow-up. From the
patient’s perspective, QoL is one of the most important parameters of disease control.
So the goals of treatment are to normalize IGF-l and GH levels and activity, and improve
QoL'?'. However, normalization of levels of total serum IGF-I and GH do not necessarily
reflect optimal QoL, nor relief of symptoms in patients with acromegaly'?'?’.

In Chapter 9 we investigated the value of circulating IGF-IR bioactivity in 15 patients with
untreated acromegaly. QoL was assessed by the Acromegaly quality of life questionnaire
(AcroQol), by the Patient-Assessed Acromegaly Symptom Questionnaire (PASQ) and by
the Short form (SF) Health Survey-36 questionnaire (SF-36Q).

In all acromegalic patients total IGF-I levels were above the upper limit of normal.
However, in contrast, in 67% and 47% of patients respectively, IGF-IR bioactivity and
IGFBP-3 were within the normal range.

The question arises why we found this discrepancy between total IGF-I levels and val-
ues for IGF-IR bioactivity? As already discussed above, total IGF-I measures are subjected
to several pitfalls’”. The discrepancy between total IGF-I and IGF-IR bioactivity could be
due to falsely elevated total IGF-I levels due to the fact that the total IGF-l immunoassay
used has been calibrated against the WHO IRR 87/518 reference reagent while the IGF-IR
KIRA assay has been calibrated against a recombinant human IGF-I standard of high
purity. On the other hand, most patients also had abnormal GH secretion and clinical
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symptoms of active acromegaly. So, this could mean that total IGF-1is a better parameter
to diagnose active acromegaly than IGF-IR bioactivity. However, all patients in our study
were selected on high basal total IGF-I levels and not on high basal IGF-IR bioactivity.
This may have introduced a bias.

An alternative possibility that may explain the discrepancy between total IGF-I and
IGF-IR bioactivity, is the possible existence of only a mild degree of GH oversecretion in
our study population. Ribeiro-Oliveira et al.'® recently found that 63% of patients with
untreated acromegaly had relatively low mean 24 hour GH levels despite high total IGF-I
levels. It could be that our study population (in this respect) is comparable to that of
Ribeiro-Oliveira et al. Although we did not measure 24 hour GH levels, in favour of this
latter possibility, IGF-IR bioactivity was positively related to random GH measurements,
while such relationship was absent for total IGF-I. GH as well as IGF-l may, independently
from each other, cause signs and symptoms of acromegaly. Previously, it has been sug-
gested by Van der Lely et al. that many acromegalics have a relatively low GH secretion
and a considerable amount of total IGF-1, and vice versa'?. Until now it has been impos-
sible to show specific clinical characteristics between such groups. The measurement of
IGF-IR bioactivity may be of help to distinguish between these two groups.

Our finding that IGF-IR bioactivity was within the normal range in a considerable
number of patients is in agreement with previous results obtained in untreated acro-
megaly with IGF-I bioassays based on the measurement of sulphate incorporation in rat
cartilage cells'®.

Normal reference ranges for total IGF-I and IGF-IR bioactivity are based on estimates of
the central 95 percentile limits of measurements in healthy subjects'. Hence, the varia-
tion in the population determines the width of the ‘'normal’ population-based reference
range™'. The ‘normal’ population-based reference range is an artificial concept since in
biology no clear boundaries exist. In addition, during life, total IGF-I concentrations and
IGF-IR bioactivity change with age. At each age, the population-based reference ranges
for total IGF-I and IGF-IR bioactivity in serum are broad. The ability of laboratory refer-
ence ranges to detect an abnormal test result in an individual depends on the balance
between contributors to the biologic variation™'. If the major part of the overall varia-
tion is the result of variation within individuals, while differences between individual
set-points are small, then a population-based reference range matches variations in
each of any individual™'. Conversely, if the overall variation is mainly caused by narrow
individual variation around dispersed individual set-points, then a population-based
reference range is unlikely to detect minor deviations from the individual set-point. This
latter seems the case for IGF-I. Borofsky et al. found that most of the IGF-I variability
was between individuals rather than within individuals'2. This suggests that the ratio
of the within- to between- individual variation for IGF-I is low. In other words, when the
individual variation in serum IGF-IR bioactivity in healthy subjects is relatively narrow
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compared to the ‘normal’ laboratory reference ranges, an IGF-IR bioactivity within the
‘normal’ reference range can be considerable abnormal (i.e. outside the ‘individual’ refer-
ence range). We previously demonstrated that common gene polymorphisms within the
IGF-1 gene may be an important factor responsible for the fact that IGF-I values fluctuate
around a fixed setpoint in a single subject®® '3, Thus, it may be difficult to discriminate
between active and adequately controlled acromegaly when IGF-I (bioactivity) is within
the 'normal’ reference range. Simultaneous measurement of GH secretion and IGF-I may
help to solve this problem.

It has been suggested that patients’ perception of his/her QoL cannot be inferred
directly from hormonal levels'®**. Nevertheless, although the PASQ still requires valida-
tion before it can be used in everyday clinical practice, in our study, both total IGF-|
and IGF-IR bioactivity were significantly related to the disease-specific PASQ. This latter
relationship was stronger for total IGF-I than for IGF-IR bioactivity. Moreover, there was
an inverse relationship between the physical component summary of the SF-36Q and
IGF-IR bioactivity and total IGF-I. This latter relationship was stronger for IGF-IR bioac-
tivity than for total IGF-I. Finally, IGF-IR bioactivity, but not total IGF-1, was significantly
related to the physical dimension of the disease-specific AcroQolL. So, although IGF-IR
bioactivity (in contrast to total IGF-I) was not above the normal range in all patients,
IGF-IR bioactivity was more strongly related to health related QoL measures than total
IGF-1, suggesting that IGF-IR bioactivity may better reflect physical limitations perceived
by untreated acromegalic patients.

It should be stressed that our study has a considerable number of limitations. First of all
only a small number of acromegalic patients was studied and it had a cross-sectional
study design. Moreover, only fasting hormone levels were measured and there was no
information on (24 hour) GH secretion.

In conclusion, despite the fact acromegalic patients had total IGF-I levels above the
reference range, a considerable number of patients had IGF-IR bioactivity within the
reference range. Yet, IGF-IR bioactivity within the reference range may still be abnormal
for an individual. IGF-IR bioactivity was more strongly related to measures of QoL than
total IGF-I. This suggests that IGF-IR bioactivity may better reflect physical limitations
perceived by untreated acromegalic patients. At present it is unclear which target value
for IGF-IR bioactivity should be considered for an individual indicative for recovery. Mea-
sures of QoL may be helpful in this respect. To obtain reference values characterizing a
single subject is to use the subjects’ previous values as a reference for any future value.
An alternative strategy may be to combine GH and IGF-I values in combination with QoL
measures.
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11.4 DOES THE IGF-IR PLAY A ROLE IN THE PATHOGENESIS OF GRAVES’
OPHTHALMOPATHY?

As discussed in Chapter 10, previous findings have raised the hypothesis that in (a subset
of) Graves’ patients immunoglobulins may stimulate the IGF-IR which may contribute to
Graves’ ophthalmopathy (GO) and suggest that the IGF-IR may be another important
aetiologic autoantigen in GO.

In Chapter 10 we studied the relationships between TSH binding inhibitory immuno-
globulins (TBII) and serum IGF-IR stimulating activity in relationship to age in 70 patients
with GO.

At a first glance we found overall no relationship between TBII levels in blood and IGF-
IR stimulation. However, in this study, TSH-R antibody levels were measured by an immu-
noassay. These assays display high sensitivity and specificity for TSH-R autoantibodies.
However, they do not measure the functional activity of these immunoglobulins to
TSH-R, neither do they distinguish between stimulatory, blocking and neutral activity'.

Since it was previously found that GO autoimmune disease activity correlates with TBII
titers'¢3° we hypothesized that subjects with relatively high TBII titers and GO autoim-
mune activity would likely to be those with high titers of (other) autoantibodies (such as
e.g. stimulating antibodies directed against the IGF-IR).

The TBII titer was not normally distributed but severely skewed to the right and there-
fore we stratified subjects into two groups: those with TBII titers above the mean + 1 SD
(> 12 U/L) and those with TBII titers below the mean + 1SD (<12 U/L). Interestingly, we
found that only in patients with relatively high TBII titers there was a positive correlation
between IGF-IR stimulating activity and age. This positive relationship was unexpected
since IGF-IR stimulating activity in healthy subjects, like total IGF-I, is known to decrease
with age’. We hypothesized that this positive correlation was the result of the presence
of circulating IGF-IR activating immunoglobulins. In this situation, IGF-IR stimulating
activity, as measured by the KIRA assay, seems to reflect the sum of circulating endog-
enous IGF-l and IGF-IR stimulating activity induced by IgGs.

Moreover, the positive relationship between IGF-IR stimulating activity and age sug-
gests that the relative contribution of these antibodies progresses with age. Perros et
al. previously reported an association between severity of thyroid-associated ophthal-
mopathy and advancing age'. In addition, an age-associated increase in organ-specific
autoantibodies in humans has been consistently reported™'.

Overall there was no relationship between IGF-IR activity and CAS. When the study
population was stratified by TBII titers, median CAS in subjects with TBII titers above
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the mean + 1 SD was higher than in subjects with TBII titers below the mean + 1 SD,
although this latter difference missed statistical significance. In addition, overall there
was no relationship between TBIlI and IGF-IR stimulating activity. However, when the
study population was stratified by TBII titers, the relationship between IGF-IR stimulat-
ing activity and TBIl was positive in subjects with TBII titers above the mean + 1 SD, while
this relationship was negative in subjects with TBII titers below the mean + 1 SD.

The observed lack of statistical significance for the relationship between IGF-IR activity
and CAS may be due to the small number of subjects included in our study. In addition,
GO is considered active in patients with a CAS = 32 In our study the number of patients
with CAS > 3 was low. Thus, in a considerable number of patients the eye disease was not
longer in the most active phase of GO. Another factor could be that IGF-IR stimulating
activity probably reflects the sum of endogenous IGF-I and circulating Graves’ disease
(GD)-1gGs with IGF-IR stimulating activity. Thus, only a fraction of “total” serum IGF-IR
activity is directly related to IGF-IR stimulating antibodies.

Nevertheless, our results point towards the presence of circulating IGF-IR activating
immunoglobulins in the subgroup of patients with relatively high TBII. To test this, we
measured IGF-IR stimulating activity before and after IgG depletion in the subgroup with
high TBII levels. Interestingly, serum IGF-IR stimulating activity substantially decreased
in patients with relatively high Z-scores for IGF-IR stimulating activity before IgG deple-
tion. In contrast, there were only small changes in patients with relatively low Z-scores
for serum IGF-IR stimulating activity before this treatment. This suggests that significant
levels of IGF-IR stimulating antibodies were present in the former group.

Our results are in variance with previous studies which reported anti-IGF-IR antibody
activities in a greater percentage of patients'*'*. This variance may be due to differ-
ences in assay sensitivities and/or differences in fundamental peculiarities of cells used
to measure IGF-IR activity. Previously it was found that, in contrast to fibroblasts from
healthy donors, fibroblasts from patients with GD showed a response to GD-specific
IgG™:. We did not use cells of GD patients but our experiments were performed using
HEK cells that were stably transfected with the human IGF-IR. Moreover, in contrast to
the present study, in which ten times diluted serum samples were used to measure
IGF-IR activity, others have used highly purified IgGs isolated from serum samples to
measure IGF-IR stimulating effects'*'*. Finally, in our study, not post-receptor effects
or inhibition of'*"|GF-I binding was measured, but rather phosphorylation of tyrosine
residues of the IGF-IR as primary read out to assess IGF-IR stimulating activity#'%,

The question arises how relevant our observations are since the relative contribution
of 1gGs to total serum IGF-IR stimulating activity was maximally ‘only’ 16.5%. However,
our study shows that the combination of IgGs plus endogenous IGF-I produced greater
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stimulation than either agent alone. Moreover, antibody-induced receptor activation
may show tissue-specific distribution and/or activity. In the eye the local circumstances
may significantly differ from those in the circulation. In favour of this latter possibility
orbital fibroblasts in patients with GO express higher levels of IGF-IR than normal fibro-
blasts'®. In addition, human antibodies typically have a half-life greater than 1 week'’.
Due to their increased half-life, IGF-IR stimulating antibodies may induce prolonged
activation of the IGF-IR as compared to endogenous IGF-I.

There is no simple relationship between the binding sites of antibodies and their bio-
logical effects™. In theory, stimulating IGF-IR antibodies may bind at the IGF-IR binding
site (the orthosteric site). Orthosteric antibodies that mimic ligand signalling have also
been reported for other receptors' %, However, in most cases, these antibodies prob-
ably block binding of the endogenous ligand and thereby block receptor activation'’.
It has also been reported that allosteric antibodies, antibodies that do not bind at the
specific ligand binding site of receptors, can also activate cell signalling™°. In favour
of this latter mechanism, Kumar et al. found that the monoclonal TSH-R stimulating
antibody M22 (like IGF-1) enhances phosphorylation of Akt, whereas a specific blocking
antibody directed against the IGF-IR inhibited phosphorylation of Akt induced by M22
or IGF-1""". They suggested that the stimulation of hyaluronic acid production by GD-IgG
reported by Smith et al. reflected TSHR stimulating autoantibodies rather than puta-
tive IGF-IR autoantibodies but that TSHR and IGF-IR signalling may be closely linked in
the GO orbit. Tsui et al. demonstrated a physical relationship between TSHR and IGF-IR
and showed that blocking of IGF-IR could block signalling provoked by both TSH and
GD-lgGs™2 So, the same antibodies that bind to TSH-R could also activate the IGF-IR.
On the other hand, due to clear differences in the molecular structure of the TSH-R and
the IGF-IR, it may also be likely that the two receptors are activated by two discrete
antibodies: those directed against the IGF-IR and those directed against the TSH-R. It is
important to emphasize that in our study, by using the IGF-IR KIRA assay, phosphoryla-
tion of the tyrosine residues within the beta-subunits of the IGF-IR is quantified and not
subsequent intracellular signalling. So, although it may be well possible that the TSH-R
and IGF-IR signalling pathways are closely linked, our findings show that in a subset
of Graves’ patients, circulating 1gGs can directly modulate IGF-IR phosphorylation and
signalling at the receptor level.

Very recently, Minich et al. have developed a luminescent immunoprecipitation assay
(performed on human embryonic kidney cells stably transfected with the human IGF-
IR) to detect IGF-IR antibodies in human serum™3. By using this assay, they found that
circulating IGF-IR autoantibodies display a wide concentration range in both control
individuals and patients with GO'*3. However, the average (median) IGF-IR autoantibody
concentrations were not different in controls and GO patients with untreated active
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disease'®. In addition, there was no association between IGF-IR autoantibodies levels
and severity or activity of GO'>3,

What accounts for the widely divergent results obtained in our study and that of
Minich et al.?

The assay developed by Minich et al., in a certain way, resembles the TBII assay: this
assay -like the TBII assay- quantifies antibody titer but does do not give any information
about the biological effect of the IGF-IR antibodies (stimulating, neutral or inhibiting
effects). The lower limits for this assay were based on arithmetical arguments and not
on proven biological mechanisms. Another important limitation of the assay, is the pos-
sibility that relatively low affinity antibodies may have gone undetected in their assay.
Important examples of low affinity antibodies have been described in the literature. In
the study by Minich et al. when IGF-IR autoantibodies were added to hepatocarcinoma
HepG2 cells no autophosphorylation of the IGF-IR was observed, but instead inhibition
of the IGF-IR was found. This suggests, but does not prove, that in the assay of Minich et
al. especially orthosteric antibodies were measured. Moreover, the likely diverse nature
of antibodies present in sera from patients with GO may block or modify interactions
with the IGF-IR in some cells while promoting it in others and may change in time.

In conclusion, by using the IGF-IR KIRA assay we found that in a subset of patients with
GO, significant levels of IGF-IR stimulating antibodies were present in the circulation.

It would be interesting to study the relationship in (more active) GO between (high
titers of) IGF-IR antibodies, determined by the assay by Minich et al., and IGF-IR stimulat-
ing activity, determined by our IGF-IR KIRA assay. Moreover, it would be interesting to
study the relationship between stimulating TSH-R antibodies and IGF-IR stimulating
activity in active GO patients.
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Summary

SUMMARY

There are great functional and structural similarities between insulin and the IGFs on the
one hand, and the insulin receptor (IR) and IGF-I receptor (IGF-IR) on the other hand. It
may therefore not be surprising that more than fifty years ago it was already found that
serum contained a higher amount of total insulin-like bioactivity than immunoreactive
insulin and that anti-insulin antibodies could only block a small portion of total insulin
bioactivity of serum. However, due to the highly variable results of bioassays, they were
replaced by insulin radioimmunoassays (RIAs). Although the RIA for insulin has greatly
increased knowledge of the physiology of glucose homeostatasis and of the various
causes of diabetes mellitus it neglects the potential contributions of IGFs to insulin-like
signalling. Moreover, insulin immunoassays do not assess potential biological effects of
circulating insulin-like factors on the two IR isoforms (IR-A and the IR-B).

In 2003, Chen et al. developed a Kinase Receptor Activation (KIRA) bioassay specific
for the IGF-IR. The principle of this assay is based on quantification of IGF-IR activation
after stimulation with serum (or ligands) in vitro. The IGF-IR KIRA assay has proven to be
sensitive to the modifying influences of circulating IGF binding proteins (IGFBPs) and
IGFBP-proteases and to have an overall precision that is comparable with the traditional
IGF-l immunoassays. Such KIRA assays had not yet been described for the human IR-A
and IR-B.

The aim of this thesis was to investigate the (patho)physiologic role of IR and IGF-
IR bioactivity in health and disease, specifically diabetes, growth hormone deficiency
(GHD), acromegaly and Graves’ ophthalmopathy (GO).

Chapter 1 First the history of the different pathways to the same summit, namely identi-
fication of insulin and the IGFs, is described. Then an overview on the insulin- IGF system
is provided with specific attention to the impact of disease (diabetes, GHD, acromegaly
and GO and of treatment on this system.

In Chapter 2 we describe the development and validation of two KIRA assays specific for
the IR-A and IR-B, respectively, which quantify ligand/serum induced phosphorylation of
the tyrosine residues within the IRs.

Both KIRA assays showed a reasonable sensitivity and for bioassays exceptionally low
intra- and inter-assay variations. The operational range of both assays allowed the for
determination of total insulin-like activity in human serum. Analysis of serum samples
showed IGF-1 and IGF-Il present in human serum may contribute substantially to IR-A
and IR-B signalling in vitro. So, the two IR KIRA assays may be useful tools to disentangle
the relative contribution of the IGFs present in serum on IR specific signalling.
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In Chapter 3 we studied whether short- and long-acting insulin analogues differ from
human insulin in their potency to activate the IGF-IR, IR-A and IR-B in vitro by using KIRA
assay specific for the respective receptors.

We found that insulin glargine, at supraphysiological levels, was more potent than
human insulin in activating the IGF-IR in vitro. However, in vivo, a considerable fraction
of insulin glargine is metabolized before it enters the circulation (see Chapter 5). This
makes it questionable whether in vitro results of insulin glargine may be extrapolated
and representative for its actions in vivo.

In Chapter 4 we measured serum IGF-IR bioactivity (by using the IGF-IR KIRA assay) in
104 type 2 diabetic patients randomized for insulin glargine or NPH insulin for 36 weeks.

We found that at baseline and after 36 weeks of insulin therapy, there was no differ-
ence in IGF-IR bioactivity between the two treatment groups. We hypothesized that a
potential explanation for the discrepancies between the previous insulin glargine in vitro
results and these in vivo results could be, that in vivo concentrations of insulin glargine
do probably not reach concentrations at which we and others had observed differences
in IGF-IR activation in vitro. Another explanation for the discrepancies between the in
vitro and in vivo results of insulin glargine could be that insulin glargine is metabolized
in vivo. The metabolites of insulin glargine are less potent than native insulin glargine
to activate the IGF-IR. The findings presented in Chapter 5 support the latter hypothesis.

Moreover, we found that prolonged insulin treatment, instead of increasing IGF-IR
bioactivity, decreased IGF-IR bioactivity. Suppression of portal insulin by exogenous
insulin may have been a mechanism that led to the (decreased hepatic IGF-I production
and) reduced bioavailable IGF-I. Reduced bioavailable IGF-I has also been found during
insulin therapy or hyperinsulinemic euglycaemic clamp studies performed previously
and has been attributed to lower C-peptide levels and/or changes in IGFBPs. Unfortu-
nately, in our study, IGFBPs were not measured. In accordance to these studies, we found
that in contrast to IGF-IR bioactivity, total IGF-I levels did not change during insulin treat-
ment. However, immunoasssays not always accurately measure total IGF-I levels due to
problems with assay standardization and/or with assay methodology. In this respect, it
has been suggested that the IGF-IR KIRA assay is more sensitive than the common total
IGF-l immunoassays to detect differences in clinical state.

In Chapter 5 we investigated the in vitro potency of insulin glargine, its metabolites
(M1, M2), IGF-I and NPH insulin to activate the IGF-IR, IR-A and IR-B by using KIRA assays
specific for the respective receptors. In addition, we measured concentrations of insulin
glargine, M1 and M2 concentrations (by liquid chromatography-mass spectrometry) in
plasma of 57 type 2 diabetic patients during insulin therapy. Finally, we compared serum
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induced IR-A and IR-B activation (by using IR KIRA assays) of 104 patients treated with
insulin glargine or NPH insulin.

We found that, in contrast to insulin glargine, M1 and M2 induced equal IGF-IR activa-
tion as human insulin. M1 was also equally potent as human insulin in activating the IR-A
and IR-B. In contrast, M2, at supraphysiological concentrations, was more potent than
human insulin in activating both IR isoforms.

Only M1, and not insulin glargine nor M2, could be detected in the plasma of the
treated patients. This may (at least partly) explain why we were not able to detect differ-
ences in serum-induced IR-A or IR-B activation between both treatment groups and why
we previously (discussed in Chapter 4) found no differences in serum induced IGF-IR
activation.

We found a positive relationship between insulin dose and serum-induced IR-A ac-
tivation for both treatment groups. This suggests that, irrespective of type of insulin
therapy chosen, there may be an enhanced IR-A signalling in subjects who are treated
with relatively high insulin doses.

Afterinsulin therapy we found serum-induced IR-B or IR-A activation to be unchanged.
The latter is unexpected since fasting glucose and HbA, _levels did decrease pointing
towards an enhanced insulin action. Several mechanisms could explain this finding.
Starting insulin therapy most likely increased insulin sensitivity which lowers the need
for circulating insulin(-like) activity. In addition, an improvement in hepatic insulin
extraction after start of the insulin therapy may have contributed to the unchanged
IR-B and IR-A activation. Also, as reported in Chapter 4, exogenous insulin (therapy) may
suppress portal insulin levels. One of the problems inherent in the past concerns the dif-
ficulty of measuring the sum of the total effects of endogenous insulin and exogenous
insulin (analogue) levels. Our study suggests that with the IR specific KIRA assays, such
measurement is probably possible. In this respect, it would be interesting to study the
modifying effects of insulin therapy on circulating IGF-IR bioactivity and IR bioactivity
in type 1 diabetic subjects since they have decreased portal insulin concentrations on
beforehand.

In Chapter 6, we investigated the diagnostic value of IGF-IR bioactivity (by using the
IGF-IR KIRA assay) in 94 patients with proven GHD, diagnosed by GH provocative tests.
We found that IGF-IR bioactivity was more frequently below the normal range in
untreated GH deficient patients than total IGF-I levels, especially in patients >40 years of
age. This suggests that IGF-IR bioactivity can better distinguish untreated GH deficient
patients from healthy subjects and thus offers advantages over the measurement of to-
tal IGF-Il in the diagnosis of GHD. Moreover it suggests that circulating IGF-IR bioactivity
is a better marker of GH action in untreated GH deficient subjects throughout lifespan.
In favour of this argument, in our study we observed that IGF-IR bioactivity significantly
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decreased with longer duration of GHD, while such relationship was not found for total
IGF-I. Finally, we found that with a decreasing number of additional pituitary deficits,
total IGF-I levels more frequently remained within the normal range, whereas the per-
centage below the normal range was high for IGF-IR bioactivity and independent of
additional deficits. These results suggest that determination of IGF-IR bioactivity may
offer advantages in the evaluation of adult GHD compared to total IGF-I as bioactivity
better reflects GHD as defined by GH stimulation tests, especially in subjects >40 years
of age.

In Chapter 7 we investigated the relationship between IGF-IR bioactivity (by using the
IGF-IR KIRA assay) and quality of life (QoL) during 12 months of GH treatment of 106 GH
deficient patients (22 were GH-naive, 84 were already on GH treatment and discontinued
therapy 4 weeks before baseline values were established). QoL was measured by using
the disease specific QLS-H module and the generic SF-36 questionnaire.

Despite a significant increase in IGF-IR bioactivity and total IGF-I after 12 months of GH
treatment, we did not find a significant improvement in QoL as measured by the QLS-H
module. The relatively high QLS-H Z-scores in our study suggest that one month off GH
treatment may not be long enough to obtain QoL values back to the level before GH
therapy was first started and may have been an important factor for the lack of improve-
ment in QoL after restarting GH therapy. However, in our study, QLS-H Z-scores also did
not significantly increase in GH-naive patients. This may be due to the small sample size
of GH-naive patients since GH replacement has been found to improve QoL only with a
small effect size.

Despite the fact that disease specific QLS-H Z-score had not improved after 12 months of
GH treatment, IGF-IR bioactivity was significantly correlated to QLS-H Z-score. Moreover,
after 12 months, IGF-IR bioactivity was still below normal in more than 40% of patients in
whom total IGF-I had normalized. In patients in whom IGF-IR bioactivity had not normal-
ized after 12 months, QLS-H Z-scores were significantly lower compared to patients in
whom IGF-IR bioactivity had normalized. This discrepancy was not found for total IGF-I.
In this respect, it would be interesting to study QLS-H scores using IGF-IR bioactivity as
parameter to titrate GH dose.

12 Months of GH therapy also did not improve QoL when measured by the SF-36 ques-
tionnaire. The physical component summary (PCS) of this questionnaire was positively
related to both total IGF-I and IGF-IR bioactivity. Patients with total IGF-I concentrations
within the normal range scored significantly higher on the SF-36 questionnaire than
patients with IGF-l concentrations below the normal range, while for IGF-IR bioactivity
such differences were not found.



Summary

Our study suggests that IGF-IR bioactivity may better reflect changes in disease-
specific QoL in GH-deficient patients than total IGF-I and that both measurements may
reflect different aspects of QoL.

In Chapter 8 we investigated the value of IGF-IR bioactivity (by using the IGF-IR KIRA
assay) for monitoring GH therapy (during 12 months) in 106 GH deficient patients.

We found that changes in IGF-IR bioactivity did not parallel changes in total IGF-I; after
12 months of GH therapy, IGF-IR bioactivity remained subnormal despite normalization
of total IGF-I in a considerable proportion of patients.

After 12 months of GH treatment, we observed a significant positive relationship
between IGF-IR bioactivity and beta-cell function as assessed by HOMA. We observed
no relationship between IGF-IR bioactivity and glucose or insulin resistance. However,
we used fasting insulin and glucose based indices only, rather than hyperinsulinemic
clamp to assess insulin sensitivity. Moreover, only total IGF-I concentrations were used
to titrate GH doses and not changes in IGF-IR bioactivity.

After 12 months of GH treatment total IGF-I was inversely related to body fat mass
percentage, suggesting an improvement in body composition. However, despite a
significant decrease in fat mass percentage, waist circumference and WHR, there was an
increase in fasting glucose, fasting insulin levels and insulin sensitivity. Total IGF-I was
not related to waist circumference, WHR or insulin sensitivity. Thus the improvement in
body composition did not coincide with improvements in insulin sensitivity. This may be
explained by the action of GH to induce insulin resistance, independent of IGF-I.

Why did changes in IGF-IR bioactivity not parallel changes in total IGF-1? First, as
discussed above, the IGF-IR KIRA bioassay takes into account the modifying effects of
IGFBPs on IGF-1 action, while IGF-l immunoassays do not. Secondly, kinetics of IGF-IR
bioactivity in the circulation may differ from those of total IGF-I during GH therapy.
Finally, total IGF-l concentrations may have not adequately reflected the actual IGF-I
levels. GH doses were titrated only against total IGF-I concentrations and not against
IGF-IR bioactivity. The IGF-l immunoassay used in our study has been calibrated against
a WHO International Reference Reagent for IGF-I Immunoassays which is of low purity.
In contrast, the IGF-IR KIRA assay has been calibrated against a recombinant human
IGF-I standard of high purity. As a consequence, the effect of GH treatment on total IGF-I
concentrations may have been (systematically) overestimated and the subnormal IGF-IR
bioactivity might be real and reflect a relative undertreatment of GHD.

In order to finally answer the question whether IGF-IR bioactivity could be a valu-
able tool to monitor GH therapy in GHD and whether titrating GH dose against IGF-IR
bioactivity results in a better (metabolic) clinical outcome than titrating against total
IGF- concentrations, we believe it is necessary to perform a prospective randomized
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placebo- controlled study in which in one group GH dose is titrated against IGF-IR bio-
activity, while in the other group GH dose is titrated against total IGF-I concentrations.

In Chapter 9 we investigated the value of circulating IGF-IR bioactivity in 15 patients
with untreated acromegaly. QoL was assessed by the AcroQoL, PASQ and by the SF-36
questionnaire.

In all acromegalic patients total IGF-I levels were above the upper limit of normal.
However, in contrast, a considerable number of the patients had values for IGF-IR
bioactivity and IGFBP-3 within the normal range. The question arises why we found
this discrepancy between total IGF-I levels and values for IGF-IR bioactivity? As already
discussed above, total IGF-I measures are subjected to several pitfalls. The discrepancy
between total IGF-I and IGF-IR bioactivity could be due to falsely elevated total IGF-|
levels due to the fact that the total IGF-l immunoassay used has been calibrated against
the WHO IRR 87/518 reference reagent (see above). On the other hand, most patients
also had abnormal GH secretion and clinical symptoms of active acromegaly. So, this
could mean that total IGF-l is a better parameter to diagnose active acromegaly than
IGF-IR bioactivity. However, all patients in our study were selected on high basal total
IGF-1 levels and not high basal IGF-IR bioactivity which may have introduced a bias.

An alternative possibility that may explain the discrepancy is the possible existence of
only a mild degree of GH oversecretion in our study population. Previously, it has been
suggested that many acromegalics have a relatively low GH secretion in combination
with a considerable amount of total IGF-I, and vice versa. Until now it has been impos-
sible to show specific clinical characteristics between such groups. The measurement of
IGF-IR bioactivity may be of help to distinguish between these two groups.

We previously found that the normal range of IGF-IR bioactivity within the healthy
population, over the whole age range, is very wide. This opens the possibility that IGF-IR
bioactivity within the normal reference range, may still be too high for an (acrome-
galic) individual. Thus, it may be difficult to discriminate between active and adequately
controlled acromegaly when IGF-IR bioactivity is within the 'normal’ reference range.
Simultaneous measurement of GH secretion and IGF-I may help to solve this problem.

Both total IGF-I and IGF-IR bioactivity were significantly related to the disease-specific
PASQ. Moreover, there was an inverse relationship between the physical component
summary of the SF-36 questionnaire. and IGF-IR bioactivity and total IGF-I. Finally, IGF-IR
bioactivity, but not total IGF-I, was significantly related to the physical dimension of the
disease-specific AcroQoL. So, although IGF-IR bioactivity (in contrast to total IGF-I) was
not above the normal range in all patients, IGF-IR bioactivity was more strongly related
to health related QoL measures than total IGF-I, suggesting that IGF-IR bioactivity may
better reflect physical limitations perceived by untreated acromegalic patients. Thus,
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also in untreated acromegaly, IGF-IR bioactivity may be of additional value in the evalu-
ation of QoL.

In Chapter 10 we studied the relationships between Thyrotrophin Binding Inhibiting
Immunoglobulins (TBIls) and serum IGF-IR stimulating activity in relationship to age in
70 patients with GO.

Overall we found no relationship between TBIl levels in blood and IGF-IR stimulating
activity and no relationship beween IGF-IR stimulating activity and clinical activity score
(CAS). Previously it has been found that GO autoimmune disease activity correlates with
TBII titers. We hypothesized that subjects with relatively high TBII titers and GO autoim-
mune activity would likely to be those with high titers of (other) autoantibodies, such
as stimulating antibodies directed against the IGF-IR. The TBII titer was not normally
distributed but severely skewed to the right. We therefore stratified subjects into two
groups: those with high and low TBII titers.

In patients with high TBII titers we found a positive correlation between IGF-IR stimu-
lating activity and age. This relationship was unexpected since IGF-IR stimulating activity
in healthy subjects, like total IGF-, is known to decrease with age.

In addition, after stratifying for TBII titers, the relationship between IGF-IR stimulating
activity and TBIl was positive in subjects with high TBII titers, while this relationship was
negative in subjects with low TBII titers. Also, median CAS was higher in subjects with
high TBII titers than in subjects with low TBII titers, although this difference was not
statistically significant.

These results support the hypothesis of the presence of circulating IGF-IR activating
immunoglobulins in a subgroup of patients with relatively high TBII titers. We measured
IGF-IR stimulating activity before and after IgG depletion in the subgroup with high
TBII levels. IGF-IR stimulating activity substantially decreased in patients with relatively
high IGF-IR stimulating activity before IgG depletion and not in patients with relatively
low IGF-IR stimulating activity before depletion. Our findings suggest that in a subset
of Graves’ patients, circulating IgGs can directly stimulate signalling at the IGF-IR level.

In Chapter 11, the general discussion, the results of all studies performed in this thesis
are discussed. Our results show that determination of IR and IGF-IR bioactivity by KIRA
assays helps to study normal physiology and pathologic changes of the insulin-IGF
system, which may help to provide new insights in this system.
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SAMENVATTING

Er zijn grote functionele en structurele overeenkomsten tussen insuline en insuline-
achtige groeifactoren aan de ene kant en tussen de insuline receptor (IR) en insuline-
achtige groeifactor-l receptor (IGF-IR) aan de andere kant. Het is daarom misschien
niet verwonderlijk dat ruim 50 jaar geleden al werd ontdekt dat de hoeveelheid van
insuline-(achtige) bioactiviteit in serum hoger was dan immunoreactief insuline en dat
anti-insuline antistoffen slechts een kleine hoeveelheid van de totale insuline bioacti-
viteit konden blokkeren. Echter, door de weinig consistente resultaten van bioassays,
werden deze assays in de loop van de tijd geheel vervangen door radioimmunoassays
(RIAs). Alhoewel de introductie van de insuline RIA tot een grote toename van kennis
heeft geleid over de glucose regulatie in het lichaam en diverse oorzaken van diabetes
mellitus, is de potentiele contributie van IGFs op totale insuline (-achtige) werking op de
achtergrond geraakt. Bovendien geven insuline immunoassays geen informatie over de
mogelijke biologische effecten van circulerende insuline-achtige factoren op de twee
verschillende insuline receptoren, (IR-A en IR-B), die in het lichaam voorkomen.

In 2003, hebben Chen et al. een Kinase Receptor Activation (KIRA) bioassay specifiek
voor de IGF-IR ontwikkeld. Het principe van deze assay is gebaseerd op het kwantitatief
meten van de phosphorylatie van tyrosine residuen van de IGF-IR na stimulatie met
serum (of liganden) in vitro. Het is aangetoond dat de IGF-IR KIRA assay sensitief is voor
de modificerende invloeden van circulerende IGF bindende proteinen (IGFBPs) en 1G-
FBP- proteasen en dat de assay een precisie heeft die overeenkomt met de traditionele
immunoassays. Zulke KIRA assays waren nog niet ontwikkeld voor de humane IR-A en
IR-B.

Het doel van dit proefschrift was om de (patho)fysiologische rol van IR en IGF-IR
bioactiviteit te onderzoeken in gezondheid en ziekten, en dit te doen bij diabetes,
groeihormoon deficientie (GHD), acromegalie en Graves’ ophthalmopathie (GO).

In Hoofdstuk 1 wordt de geschiedenis beschreven van‘de verschillende wegen die naar
uiteindelijk hetzelfde resultaat’ hebben geleid, namelijk de identificatie van insuline en
IGFs als afzonderlijke factoren. Daarna wordt een overzicht gegeven over het insuline-
IGF systeem waarbij specifiek de impact van bepaalde ziekten en aandoeningen (dia-
betes, GHD, acromegalie en GO en de effecten van behandeling op dit systeem worden
besproken.

In Hoofdstuk 2 wordt de ontwikkeling en validatie van twee KIRA assays, specifiek voor
de IR-A en de IR-B, besproken. Beide KIRA assays kunnen de door een ligand of serum
geinduceerde phosphorylatie van de tyrosine residuen van de IRen kwantitatief meten.
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Beide KIRA assays toonden een redelijke sensitiviteit en (voor bioassays) lage intra- en
inter-assay variaties. Het operationele bereik van beide assays was genoeg om insuline-
achtige activiteit in humaan serum kwantitatief te meten. Analyse van humaan serum
toonde aan dat IGF-IR en IGF-Il in serum een substantiéle bijdrage leveren aan het
IR-A en IR-B signaal in vitro. Beide IR KIRA assays zouden daarom behulpzame nieuwe
instrumenten kunnen zijn om de relatieve bijdrage van IGFs, aanwezig in serum, aan het
IR signaal te onderzoeken.

In Hoofdstuk 3 werd onderzocht of kort- en langwerkende insuline analogen verschil-
len van humaan insuline in hun potentie om de IGF-IR, IR-A en IR-B in vitro te activeren.
Bij dit onderzoek werd gebruik gemaakt van de specifieke KIRA assays voor de IR-A
en IR-B. Insuline glargine bleek, in suprafysiologische concentraties, krachtiger dan
humaan insuline, de IGF-IR te activeren. Echter in vivo wordt een substantiele fractie
van insuline glargine gemetaboliseerd voordat het in de circulatie terecht komt (zie
Hoofdstuk 5). Derhalve is het de vraag of in vitro resultaten van insuline glargine zonder
meer geextrapoleerd mogen worden en representatief zijn voor de werking van insuline
glargine in vivo.

In Hoofdstuk 4 werd serum IGF-IR bioactiviteit gemeten bij 104 patienten met type 2
diabetes die gerandomiseerd waren voor insuline glargine dan wel NPH insuline behan-
deling gedurende 36 weken.

Voor en na 36 weken insuline behandeling vonden wij bij deze patiénten geen
verschil tussen beide groepen in de serum-geinduceerde activatie van de IGF-IR. Het
gevonden resultaat in vivo verschilde dus duidelijk van onze hierboven beschreven
in vitro resultaten (Hoofdstuk 3). Dit zou mogelijk verklaard kunnen worden door het
feit dat in vivo niet die concentraties worden bereikt waarbij wij (en anderen) in vitro
verschillen tussen insuline glargine en humaan insuline in IGF-IR activatie vonden. An-
derzijds, zouden deze verschillen ook verklaard kunnen worden omdat insuline glargine
in vivo gemetaboliseerd wordt. De resultaten in Hoofdstuk 5 ondersteunen de laatste
hypothese in hoge mate.

In plaats van een toename van de IGF-IR bioactiviteit vonden wij dat, tijdens exogene
insuline toediening, de IGF-IR bioactiviteit afnam. Onderdrukking van de endogene
insuline afgifte aan de vena porta door exogeen insuline (therapie) zou een mogelijke
verklaring kunnen zijn voor (een verminderde hepatische IGF-IR productie) en de waar-
genomen afname van de IGF-IR bioactiviteit. Een afname van de IGF-IR bioactiviteit
is ook eerder gevonden tijdens insuline therapie/hyperinsulinemische euglycaemische
klem in voorgaande studies en werd toegeschreven aan verlaagde C-peptide levels en/
of veranderingen in IGFBPs. Helaas hebben wij geen informatie over veranderingen in
IGFBP concentraties in onze studie populatie. In overeenstemming met bevindingen
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door anderen in eerdere studies vonden wij dat, in tegenstelling tot IGF-IR bioactiviteit,
concentraties van totaal IGF-IR niet veranderden tijdens insuline therapie. Dit laatste
zou kunnen samenhangen met het feit dat, immunoassays niet altijd in staat zijn de
werkelijke IGF-IR concentraties te meten. Bij dit laatste spelen waarschijnlijk problemen
met assay standaardisatie en/of methodologie van de IGF-IR immunoassays een be-
langrijke rol. Wat dit laatste betreft is het al eerder gesuggereerd dat de IGF-IR KIRA assay
sensitiever is dan de IGF-l immunoassay om verschillen tussen personen tijdens ziekte
en gezondheid op te sporen.

In Hoofdstuk 5 hebben we in vitro de potentie onderzocht van insuline glargine en
zijn metabolieten (M1 en M2), IGF-I en NPH insuline om de IGF-IR, de IR-A en de IR-B te
activeren. Ook werden serum concentraties van insulin glargine, M1 en M2 gemeten in
57 type 2 diabeten die werden behandeld met insuline glargine. Tot slot werd de serum
geinduceerde IR-A en IR-B activatie onderzocht en vergeleken bij 104 type 2 diabeten
die behandeld werden met insuline glargine of NPH insuline.

In tegenstelling tot insuline glargine hadden M1 en M2 een vergelijkbaar effect op de
IGF-IR activatie als humaan insuline. M1 induceerde ook vergelijkbare effecten op de
IR-A en IR-B activatie als humaan insuline terwijl M2, bij suprafysiologische concentra-
ties, krachtiger dan humaan insuline de beide receptoren kon activeren.

Alleen M1, maar niet insuline glargine of M2, kon worden aangetoond in het plasma
van patiénten die behandeld waren met insuline glargine. Dit zou (in iedergeval gedeel-
telijk) kunnen verklaren waarom we in deze studie geen verschillen vonden in serum
geinduceerde IR-A en IR-B activatie. Bovendien kan dit verklaren waarom we eerder
(zoals besproken in Hoofdstuk 4) geen verschillen vonden in serum geinduceerde IGF-IR
activatie.

Wij vonden een duidelijke positieve relatie tussen insuline dosis en de serum geindu-
ceerde IR-A activatie in zowel de groep die met insuline glargine als met NPH insuline
behandeld werd. Dit suggereert dat, ongeacht de soort insuline, er mogelijk een toege-
nomen stimulatie van de IR-A optreedt in patiénten die worden behandeld met relatief
hoge insuline doses.

We vonden dat na insuline therapie de activatie van de IR-A en IR-B niet toenam.
Op het eerste gezicht lijkt dit tegenstrijdig omdat insuline therapie wel leidde tot een
daling van nuchtere glucose spiegels en HBA, - waarden hetgeen duidt op een toege-
nomen (betere) insuline activiteit. Er zijn verschillende mogelijke verklaringen voor
deze bevinding. Het starten van insuline therapie heeft zeer waarschijnlijk geleid tot
een toegenomen insuline gevoeligheid waardoor minder insuline (-achtige) activiteit
nodig is. Daarbij heeft een toename van de hepatische insuline extractie mogelijk ook
bijgedragen aan de gelijk gebleven activatie van de IR-A en IR-B. Ook kan, zoals al be-
schreven in Hoofdstuk 4, exogene insuline (therapie) de portale insuline concentraties
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doen afnemen. Een van de problemen in het verleden was, dat het onmogelijk was om
met immunoassays de som van de totale effecten van endogeen en exogeen insuline te
meten. De resultaten in onze studie suggereren dat dit misschien wel mogelijk is met de
IR specifieke KIRA assays. Wat dit laatste betreft zou het interessant zijn om de modifi-
cerende effecten van insuline therapie op IGF-IR bioactiviteit te meten in patiénten met
type 1 diabetes, omdat deze patienten met en zonder insuline therapie alijd verlaagde |
insuline spiegels in de vena porta hebben.

In Hoofdstuk 6 werd onderzocht wat de diagnostische waarde van IGF-IR bioactiviteit
is in GHD. We onderzochten daarom 94 patienten met een bewezen GHD. Onbehandeld
lagen de waarden voor IGF-IR bioactiviteit (in vergelijking met de waarden voor totaal
IGF-1) vaker onder de normaal waarden. Dit werd met name bij patienten ouder dan 40
jaar gezien. Onze resultaten suggereert dat IGF-IR bioactiviteit beter in staat is onder-
scheid te maken dan totaal IGF-I tussen patiénten met een onbehandelde GHD en ge-
zonde personen. Dit laatste biedt mogelijk voordelen (t.o.v. totaal IGF-I) in de diagnose
van GHD. Ook suggeseert het dat IGF-IR bioactiviteit een betere weerspiegeling is van
GH actie in GHD gedurende het leven. Dit wordt ondersteund door het feit dat IGF-IR
bioactiviteit, en niet totaal IGF-I, significant daalde met een langere duur van GHD.

Tot slot vonden we dat naarmate er minder uitval van andere hypofyse assen was,
de waarden voor totaal IGF-I meer frequent normaal waren bij patiénten met bewezen
GHD, terwijl dit percentage voor IGF-IR bioactiviteit geheel onafhankelijk was van het
aantal aan uitgevallen (andere) hypofyse assen.

Deze studie suggereert dat het bepalen van IGF-IR bioactiviteit bij volwassenen voor-
delen kan bieden boven de bepaling van totaal IGF-I bij de diagnose GHD. Dit voordeel
lijkt bij personen ouder dan 40 jaar het meest uitgesproken.

In Hoofdstuk 7 bestudeerden wij de relatie tussen IGF-IR bioactiviteit en kwaliteit van
leven (quality of life (QoL)) in 106 GH deficiente patienten die gedurende 12 maanden
werden behandeld met GH (22 patienten waren GH naief, 84 waren al eerder behandeld
met GH en stopten de behandeling gedurende 4 weken waarna de basale metingen
werden verricht). QoL werd gemeten met behulp van de ziekte specificieke QLS-H
module en met behulp van de meer op de algemene gezondheid afgestemde SF-36
vragenlijst.

Na 12 maanden GH behandeling vonden wij, ondanks een significante toename
in IGF-IR bioactiviteit en in de totale IGF-I spiegels, geen significante verbetering van
QoL gemeten met behulp van de QLS-H module. De relatieve hoge QLS-H Z-scores bij
aanvang van de studie suggereert dat het stoppen van GH behandeling gedurende 1
maand misschien niet lang genoeg is om echte basaal waarden voor QoL te realiseren.
Dit laatste zou een verklaring kunnen zijn voor het ontbreken van een verbetering in
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QoL na het hervatten van de GH behandeling. Echter, in onze studie werd ook geen
verbetering gevonden in QLS-H Z-scores in GH-naive patienten. Dit laatste zou ook
verklaard kunnen worden door het kleine aantal geincludeerde GH-naive patiénten in
onze studie. Eerder is namelijk gevonden dat GH behandeling QoL verbetert maar dat
het effect slechts klein is. Onze studie miste dus waarschijnlijk de statistische power om
dit aspect te meten.

Ondanks het feit dat 12 maanden GH behandeling geen verbetering gaf van de ziekte
specifieke QLS-H Z-score, was IGF-IR bioactiviteit wel significant gecorreleerd aan QLS-H
Z-score. Na 12 maanden GH behandeling had 40% van de mensen waarbij totaal IGF-I
genormaliseerd was, nog steeds IGF-IR bioactiviteit waarden beneden de normale
referentie waarden. Patienten waarbij de IGF-IR bioactiviteit genormaliseerd was, had-
den een significant betere QLS-H Z-score dan patiénten waarbij IGF-IR bioactiviteit niet
genormaliseerd was. Dit verschil werd niet gevonden voor totaal IGF-I. Wat dit laatste
betreft zou het interessant zijn om QLS-H scores te bestuderen als GH dosis getitreerd
zou worden op geleide van de IGF-IR bioactiviteit.

12 Maanden GH behandeling leidde ook niet tot een verbetering in QoL gemeten
middels de SF-36 vragenlijst. Echter, de fysieke component van deze vragenlijst was wel
gecorreleerd aan zowel totaal IGF-I als IGF-IR bioactiviteit. Patienten waarbij totaal IGF-I
genormaliseerd was scoorden significant hoger op de SF-36 vragenlijst dan patienten
waarbij totaal IGF-I nog niet genormaliseerd was. Dit verschil werd niet gevonden voor
IGF-IR bioactiviteit.

Onze studie suggereert dat, in GH deficiente patienten, IGF-IR bioactiviteit tijdens
behandeling met GH beter veranderingen in ziekte specifieke QoL weerspiegelt dan
totaal IGF-I en dat beide metingen waarschijnlijk verschillende aspecten van QoL weer-
spiegelen.

In Hoofdstuk 8 onderzochten wij de waarde van IGF-IR bioactiviteit bij het monitoren
van de effecten van GH behandeling (gedurende 12 maanden) van 106 volwassen
patiénten met GHD.

Wij vonden dat veranderingen in IGF-IR bioactiviteit niet parallel verliepen aan de
veranderingen in totaal IGF-I. Na 12 maanden GH behabdeling was IGF-IR bioactiviteit
nog niet genormaliseerd in een substantieel aantal patiénten, terwijl totaal IGF-l in deze
patiénten wel normaal was.

Na 12 maanden GH behandeling was er een positieve relatie tussen IGF-IR bioactiviteit
en beta-cel functie, gemeten met de homeostasis model assessment (HOMA) methode.
Wij vonden geen relatie tussen IGF-IR bioactiviteit en glucose of insuline resistentie. Ech-
ter, in deze studie hebben we alleen nuchtere waarden van insuline en glucose gemeten
en was insuline resistentie niet bepaald door middel van een hyperinsulinemische klem
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methode. Bovendien werd GH dosis getitreerd op geleide van totaal IGF-I en niet op
geleide van IGF-IR bioactiviteit.

Na 12 maanden GH behandeling was er sprake van een negatieve relatie tussen de
totale IGF-I spiegel en het percentage lichaamsvet hetgeen wijst op een verbetering
van de lichaamssamenstelling. Echter, ondanks een afname van de vet maasa, taille
omvang en taille/heup ratio, verslechterden de nuchtere insuline en glucose waarden
en de insuline sensitiviteit. Totaal IGF-1 was niet gerelateerd aan taille omvang, taille/
heup ratio of insuline sensitiviteit. Dus, verbetering in lichaamssamenstelling ging niet
gepaard met verbetering in insuline sensitiviteit. Dit zou verklaard kunnen worden door
een direct van door GH geincludeerde insuline resistentie, dus onafhankelijk van IGF-I.

Waarom verliepen de veranderingen in IGF-IR bioactiviteit niet parallel aan veran-
deringen in totaal IGF-I tijdens de behandeling met GH? Ten eerste, zoals hierboven
beschreven, is de IGF-IR KIRA assay wel degelijk gevoelig voor de modificerende
invloeden van IGFBPs op de werking van IGF-IR, terwijl dit niet het geval is voor IGF-l im-
munoassays. Ten tweede zou de kinetiek van IGF-IR bioactiviteit anders kunnen zijn dan
van totaal IGF-I tijdens GH behandeling. Tot slot zou het zo kunnen zijn dat totaal IGF-I
concentraties geen adequate weerspiegeling zijn van de actuele IGF-I concentraties.

Tijdens de studie werd de GH dosis bepaald op geleide van totaal IGF-I concentraties
en niet op geleide van IGF-IR bioactiviteit. De IGF-I immunoassay die in onze studie
gebruikt is, is gecalibreerd tegen een internationale WHO referentie reagens welke niet
geheel zuiver is. De IGF-IR KIRA assay daarentegen is juist wel gecalibreerd tegen een
IGF-1 standaard die erg zuiver is. Om deze reden zou het effect van GH behandeling op
totaal IGF-I systematisch overschat kunnen zijn. De gemeten subnormale IGF-IR bioac-
tiviteit zou dus op een relatieve onderbehandeling van de patiénten met GHD kunnen
wijzen.

Om de vraag te kunnen beantwoorden of IGF-IR bioactiviteit een waardevolle meting
is om GH behandeling te monitoren in GH deficiente patienten en of het titreren van GH
dosis tegen IGF-IR bioactiviteit in plaats van totaal IGF-I leidt tot een betere (metabole)
uitkomst, zou het nodig zijn om in de toekomst een prospectieve gerandomiseerde
placebo-gecontroleerde studie te verrichten waarbij in de ene groep GH getitreerd
wordt tegen bioactiviteit terwijl in de andere groep GH getitreerd worden tegen totaal
IGF-I.

In Hoofdstuk 9 onderzochten wij de waarde van IGF-IR bioactiviteit in 15 onbehandelde
patienten met acromegalie. QoL werd gemeten met behulp van verschillende vragen-
lijsten AcroQol, de PASQ en de SF-36 questionnaire.

Alle patienten hadden verhoogde totaal IGF-I waarden, terwijl de waarden van IGF-IR
bioactiviteit en IGFBP-3 bij meerdere patienten binnen de normale referentiewaarden
vielen. Hoe kunnen we dit verschil tussen totaal IGF-I en IGF-IR bioactiviteit verklaren?
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Zoals hierboven al besproken kent de meting van totaal IGF-I enkele valkuilen. Het
zou bijvoorbeeld zo kunnen zijn dat de waarden voor totaal IGF-I vals verhoogd waren
omdat de assay die gebruikt was in onze studie voor deze meting gecalibreerd is tegen
de WHO IRR 87/518 (zie boven). Aan de andere kant hadden de meeste patienten een
verhoogde GH secretie en de klinische symptomen van acromegalie. Dit zou erop kun-
nen wijzen dat totaal IGF-I een betere parameter is voor de diagnose van acromegalie
dan IGF-IR bioactiviteit. Echter, alle patienten in onze studie werden geselecteerd op
verhoogde totaal IGF-IR concentraties en niet op een verhoogde IGF-IR bioactiviteit,
hetgeen mogelijk een bias heeft geintroduceerd.

Een alternatieve verklaring voor het verschil is de mogelijke aanwezigheid van een
gering verhoogde GH overproductie in onze studie populatie. Eerder is gesuggereerd
dat veel acromegalen een relatieve lage GH secretie kunnen hebben en toch een be-
hoorlijk hoog totaal IGF-I, en omgekeerd. Tot op heden was het onmogelijk om deze
groepen goed te onderscheiden op basis van specifieke klinische eigenschappen. IGF-IR
bioactiviteit kan mogelijk een bijdrage leveren om deze twee groepen van elkaar te
onderscheiden.

Eerder hebben we gevonden dat de referentie range van normaal waarden voor IGF-IR
bioactiviteit in de gezonde populatie erg groot is. Dit betekent dat een bepaalde waarde
voor IGF-IR bioactiviteit, gelegen binnen de normale referentie range, toch te hoog kan
zijn voor een individuele patient (met acromegalie). Het kan dus moeilijk zijn om een
onderscheid te maken tussen actieve en adequaat behandelde acromegalie als IGF-IR
bioactiviteit binnen de normaal normale referentie range valt. Het gelijktijdig meten van
GH en IGF-I zou in dit geval uitkomst kunnen bieden.

Zowel totaal IGF-I als IGF-IR bioactiviteit waren significant gerelateerd aan de ziekte
specifieke PASQ. Ook was er voor zowel totaal IGF-I als voor IGF-IR bioactiviteit een
omgekeerde relatie met de fysieke component van de SF-36 questionnaire. Bovendien
was er een relatie tussen IGF-IR bioactiviteit en de fysieke dimensie van de ziekte speci-
fieke AcroQol terwijl dit niet het geval was voor totaal IGF-l. Samenvattend, ook al was
IGF-IR bioactiviteit niet in alle patienten verhoogd, was IGF-IR bioactiviteit wel sterker
gerelateerd aan gezondheids gerelateerde QoL dan totaal IGF-I. Dit suggereert dat
IGF-IR bioactiviteit mogelijk beter de fysieke beperkingen, ervaren door onbehandelde
acromegalen, weerspiegelt. Derhalve zou IGF-IR bioactiviteit, ook in onbehandelde
acromegalie, van toegevoegde waarde kunnen zijn bij de evaluatie van QoL.

In Hoofdstuk 10 bestudeerden wij de relatie tussen Thyrotropine Bindende Inhibe-
rende Immunoglobulinen (TBIIs) en serum geinduceerde IGF-IR stimulerende activiteit
in relatie tot leeftijd in 70 patienten met GO.
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In eeste instantie vonden wij geen duidelijke relatie tussen TBIl concentraties in serum
en serum geinduceerde IGF-IR stimulerende activiteit of tussen serum geinduceerde
IGF-IR stimulerende activiteit en klinische activiteits score (CAS). Echter omdat de TBII
concentraties niet normaal verdeeld waren, werd er gestratificeerd in twee groepen: een
groep met relatief lage en een groep met relatief hoge TBIl concentraties. Bovendien
veronderstelden we dat patienten met de hoogste TBII titers ook de hoogste titer had-
den voor andere autoantistoffen.

In patiénten met de hoogste TBIl concentraties vonden we een positieve relatie tussen
serum geinduceerde IGF-IR stimulerende activiteit en leeftijd. Deze relatie was verras-
send omdat we eerder hebben gevonden dat serum geinduceerde IGF-IR stimulerende
activiteit in gezonde personen (net als totaal IGF-1), met de leeftijd afneemt. Bovendien
was er in patiénten met de hoogste TBIl concentraties, een positieve relatie tussen de
hoogte van de serum geinduceerde IGF-IR stimulerende activiteit en TBII, terwijl deze
relatie afwezig was in de groep met lage TBII concentraties. Ook was de gemiddelde CAS
hoger in de groep patiénten met de hoogste TBIl concentraties dan in de groep patién-
ten met de laagste TBIl concentraties; echter, dit verschil was niet statistisch significant.

Deze resultaten ondersteunen de hypothese dat er in de subgroep met de hoogste
TBIl concentraties, immunoglobulinen aanwezig zijn die de IGF-IR kunnen activeren. Om
deze hypothese verder te testen hebben we in deze subgroep de serum geinduceerde
IGF-IR stimulerende activiteit gemeten voor en na depletie van de IgG fractie. De serum
geinduceerde IGF-IR stimulerende activiteit daalde in patienten met vooraf relatief hoge
serum geinduceerde IGF-IR stimulerende activiteit maar niet in patiénten met vooraf
een relatief lage serum geinduceerde IGF-IR stimulerende activiteit. Onze bevindingen
suggereren dat in een subgroep van Graves’ patienten, circulerende IgGs de IGF-IR direct
kunnen activeren.

In Hoofdstuk 11, de algehele discussie, worden de resultaten van alle beschreven
studies in dit proefschrift besproken. Onze resultaten laten zien dat het bepalen van IR
en IGF-IR bioactiviteit van waarde kunnen zijn om de fysiologie en pathofysiologische
veranderingen van het insuline-IGF systeem te bestuderen, hetgeen zou kunnen bijdra-
gen aan nieuwe inzichten in dit systeem.
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dat ik (als een van de laatsten) mij mag aansluiten bij de grote groep van promovendi
die u reeds hebt begeleid.

Prof. dr. Visser, Prof. dr. Fliers en Prof. dr. Drop, hartelijk dank voor het plaats nemen in de
kleine commissie van mijn promotie. Beste Theo, bedankt voor alle interessante discus-
sies tijdens werkbesprekingen, voor alle adviezen en suggesties met betrekking tot het
onderzoek en natuurlijk voor de gezelligheid, met name ook tijdens de Annual Meetings
in the USA.
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Prof. dr. Yki-Jarvinen, dear Hannele. What started as a short presentation in the library
here in the Erasmus University about our in-vitro findings of the insulin analogues con-
tinued into a very productive collaboration leading to two great papers in Diabetologia
and Diabetes and very important chapters in this thesis. Thank you for these fantastic
opportunities, your effort and your support and I truly hope that we can continue our
collaboration in the nearby future.

Prof. dr. Frystyk, dear Jan. Thank you for the collaboration and for your advices and help,
especially during the validation process of the IR KIRA assays.

Mijn paranimfen, Marlijn en Laura. Lieve Marlijn, zoals al eerder gememoreerd kwam ik
als groentje op het lab te werken. Samen met Michel heb jij ervoor gezorgd dat ik de
KIRA assay snel in de vingers kreeg en je hebt me ook daarna nog vaak geholpen bij
weer eens veels te groot opgezette experimenten. Dankzij jou waren de wasbeurten
in de KIRA assay eigenlijk heel erg gezellig. Ik wil je ontzettend bedanken hiervoor. Ik
wil je ook bedanken voor het (gedeelde) ‘moederschap’ samen met Diana. Marlijn en
Diana, samen hebben jullie ervoor gezorgd dat de sfeer op het lab was zoals die was.
Jullie stonden altijd voor mij (en anderen) klaar, niet alleen labtechnisch, maar ook met
een schouder of een luisterend oor. Ik weet werkelijk waar niet wat ik zonder jullie had
gemoeten. Ik wens jullie alle geluk en gezondheid toe en hoop dat we af en toe nog
eens gaan tennissen of anders gewoon een kopje thee/ caffé macchiato gaan drinken!

Lau, eerst een collega, nu vooral een vriendin. Hulp op het lab, koffie drinken, samen
huilen, samen lachen en samen op congres. We hebben een heerlijke tijd gehad! Nu
mijn promotie, daarna jullie trouwdag in september en daarna ook jouw promotie waar
ik jouw paranimf mag zijn; ik kijk naar allebei de dagen ontzettend veel uit en weet zeker
dat je op beide dagen prachtig zal stralen!

Rob, vriend! Samen op de kamer; was toch echt gezellig he?! We hebben wat afgepraat
(misschienikiets meerdanjij) maarondanks dat hebjijje promotie onderzoek ontzettend
snel doorlopen en ik heb ontzettend veel respect hoe (alles bij elkaar genomen) je dat
gedaan hebt en kijk erg uit naar 11 september aanstaande waarin ik trots naast jou zal
staan als paranimf tijdens jouw verdediging. Heel erg bedankt voor de gezellige tijd op
het lab en ook tijdens congressen. Het is heerlijk om te zien hoeveel jij geniet van jullie
kleintje en wens jullie heel veel geluk voor de toekomst.

Michel, Chris, Rogier; ik wil jullie bedanken voor de gezelligheid op het lab en voor de
leuke avondjes aan de bar en/of op de dansvloer! Michel, ik wil jou daarnaast natuurlijk
bedanken voor de introductie in het wetenschappelijk onderzoek en voor de begelei-
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ding van mijn afstudeeronderzoek (en uiteraard voor het opstarten van de IGF-IR KIRA
assay op het lab!). Mede dankzij jouw enthousiasme in het onderzoek ben ik uiteindelijk
ook aan dit promotieonderzoek begonnen. Bedankt voor je tips and trics en je steun
waar nodig. Chris, werkelijk van alle markten thuis! Ik wens jou heel veel succes en geluk
in the USA maar stiekem hoop ik dat je uiteindelijk wel gewoon weer terugkomt naar
Nederland. Rogier, super leuk om nu in de kliniek als collega’s elkaar weer te treffen.
Jouw lach, gezelligheid en positiviteit zijn onvergetelijk! Heel veel succes met jouw
laatste loodjes van het proefschrift en ik kijk uit naar september dit jaar waar ook jij zal
stralen!

Cristina, my Italian friend. What a great time we have had; many tears, especially of joy.
First ENDO in Washington, your wedding in Naples, ours in Rotterdam, a great weekend
in Paris. From this girl from Naples you have grown to be an independent woman with
lots of scientific experience and success and lots of life experience. | have the deepest
respect for you how you have managed your social life in these difficult and uncertain
periods. | wish you all the luck in Paris and maybe in time, in Naples.

Federico, many thanks for the laughs, all the best to you!

Collegae van ‘de 5e verdieping, dank voor de fijne werksfeer en de gezelligheid tijdens
wetenschapsdagen en uiteraard de lab-dagen.

Jan-Willem, ook al was je niet direct betrokken bij mijn onderzoek gaf je me wel altijd
het gevoel dat de deur open stond voor vragen. Dank! Peter, ook jou wil ik uiteraard
hartstikke bedanken voor al je hulp op het lab en voor de wijze woorden als het wéér
een keertje tegen zat. Je staat echt altijd voor iedereen klaar; ‘'nee’ zeggen past gewoon
niet bij jou. Piet Uitterlinden, bedankt voor ALLE immunoassays (en ELISAs) die je gedaan
hebt, voor de gezelligheid die jij met je meebrengt (en voor het lieve cadeautje voor ons
kleintje). Stephanie, Marije, Leonie, Anneke, Simone en Alies; bedankt voor de leuke tijd
en veel succes met jullie promotietraject! Jenny, ‘grote zus, thanks for keeping an eye on
me (and my project).

Collega’s van het Maasstad Ziekenhuis, van het ene warme bad in het andere. Bedankt
voor de gezelligheid en dat daarvan nog maar veel mag volgen! Johan, bedankt voor
het omruilen met (bijna) al mijn dagdiensten op de SEH zodat ik mijn boekje eindelijk
tot een eind kon brengen; ik ben je voor altijd dank schuldig!
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My treasures, my friends. “A friend is one that knows you as you are, understands where
you have been, accepts what you have become, and still, gently allows you to grow.” William
Shakespeare.

Vinobellies!! Lieve Kaar, Maris, Tes, Chan, Aniet, Clau en An; we go back so far. We zijn
allemaal zo verschillend en dat maakt onze vriendschap ook zo ontzettend bijzonder,
interessant en ongecompliceerd. Ik ben trots op jullie allemaal. Bij jullie voel ik me veilig.
Vanuit de grond van mijn hart dank ik jullie voor deze vriendschap. Lieve Lis, Jean en
Clau. Waar coschappen wel niet goed voor zijn; het voelde van begin af aan alsof ik
jullie al veel langer ken. We hebben samen in een korte tijd al zoveel gelachen en tranen
gelaten van blijdschap en (helaas ook) van verdriet. Het is heerlijk om zulke lieve vrien-
dinnen zo dichtbij te hebben. Leo, van huisgenootje naar dierbare vriendin. Je bent er
altijd, dankjewel.

Mijn ouders, my mum and dad. Ik wil jullie bedanken voor jullie onvoorwaardelijke
steun, vertrouwen en liefde die jullie mij altijd gegeven hebben. Jullie hebben altijd
achter me gestaan en zijn in alles altijd zo trots op mij geweest; ook deze keer. Maar
zoals al vaker tegen jullie gezegd, dat kan alleen als kansen je geboden worden en daar
hebben jullie altijd voor gezorgd. Ik ben trots om jullie dochter te zijn, trots op jullie
liefde voor elkaar, voor ons en voor jullie vrienden. Trots op de manier waarop jullie altijd
het positieve uit elke situatie halen, genieten van het leven en geven aan een ander. |
love you two so much.

George, my big brother. In absolutely everything we seem so different, but in the end,
fortunately, you will always be my brother and | will always be your sister. | love you.
Karo and George, | wish you all the happiness and luck for the future; what a beautiful
wedding day it will bel!

Mijn schoonfamilie; ik heb het goed getroffen. Lieve Lideke en Siward, bij jullie heb ik
mijn tweede thuis gevonden. Bedankt voor jullie steun en liefde (en uiteraard voor jullie
zoon;-)).

Last and most; mijn lieve Daaf, my love. Met jouw onvoorwaardelijke liefde is geen brug
te ver voor mij. Ik vind het heerlijk om jouw vrouw te zijn en kan niet wachten tot ons
kleintje er is! Ik hou van je.”One love, one heart, one destiny.” Bob Marley.
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