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Abstract

:

Human growth hormone (hGH) has been used therapeutically to promote growth in children for over 60 years. Pituitary-extracted hGH has demonstrated positive growth promotion since the early 1960s. In 1985, prion-induced contamination of hGH triggered a global epidemic of Creutzfeldt–Jakob disease that was responsible for its discontinuation. Recombinant hGH immediately replaced pituitary hGH and, being available in large amounts, was used and licenced for therapy in GH-deficient children, followed by approval for non-GH deficient disorders such as Turner syndrome, short stature related to birth size small for gestational age, idiopathic short stature, SHOX deficiency, Prader–Willi syndrome and Noonan syndrome. RhGH therapy was refined by the use of growth prediction models; however, unmet needs, such as the variability in response and non-adherence resulted in the development of long-acting rhGH (LArhGH) molecules, which are currently in clinical trials and have shown non-inferiority in comparison with daily rhGH. It is likely that LArhGH will enter clinical practice in 2022 and 2023 and will need to demonstrate safety in terms of immunogenicity, IGF-1 generation, metabolic status and tolerability of potential injection pain and local reactions.
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1. Introduction


Human growth hormone (GH) is now a recognized therapy for children with GH deficiency and is approved for the treatment of a number of non-GH-deficient disorders [1]. It is appropriate, after more than 60 years of hGH therapy, to appraise its progress, which has advanced over the years and is still evolving—with several new developments about to make an impact on clinical care [1]. Abnormalities in the physical height of children were first linked to disturbances of GH secretion in the early 20th century. Harvey Cushing was one of the first physicians to link linear growth to the function of the pituitary gland [2] and the concept of treating impaired growth was advanced by the studies of Herbert Evans at the University of California, San Francisco, who demonstrated a growth-promoting effect of pituitary extracts administered to rats with hypopituitarism [3]. The existence of a pituitary hormone linked to linear growth regulation was pursued by C.H. Li, working with Evans, and in 1971 the primary structure of human growth hormone was finally characterised as a protein with 191 amino acids and two disulphide bonds [4].



In terms of the clinical application of a circulating factor capable of stimulating growth in children, Ernst Knobil, while working at Harvard, demonstrated the species-specificity of human GH [5]. This knowledge was important in the process of recovering human cadaver pituitary glands for the extraction of pituitary hGH, which in the USA was organised by the National Pituitary Agency. hGH was thus extracted and purified for the treatment of paediatric GH deficiency. The extraction process was practiced in several countries. Dr Maurice Rabin, working at the Tufts Medical Center in Massachusetts, reported in 1958—and subsequently in 1962—the first clinical descriptions of effective growth promotion in children with hypopituitarism [6,7].



The next key step in clinical practice was the development of a radioimmunoassay (RIA) for the measurement of GH in human subjects with impaired growth. The first RIA was reported by Yalow and Berson in 1963 [8], together with the description of insulin-induced hypoglycaemia tests as the optimal technique for assessing GH secretion [9].




2. The Era of Pituitary-Extracted Human GH


Starting in 1963, the collection, extraction and purification of pituitary-extracted hGH, free from contamination by other pituitary hormones, was organized on a national level. Despite the demonstration of efficacy in terms of human growth-promotion, the processes of extraction and purification remained crude. One example is the method of extraction developed by Dr Philip Lowry in the UK, where the organisation of hGH therapy was carried out under the auspices of the Medical Research Council and the Department of Health [10]. Supplies of hGH were short and limited to treatment of children with severe GH deficiency.



In the late 1960s, following the establishment of GH provocative tests in clinical practice, an empirical peak stimulated GH level of 5–7 μg/L or above was considered the criterion level for the separation of normality from GH deficiency. Many clinicians used a GH cut-off of 10 μg/L to exclude GH deficiency. The cut-off for the definition of GHD being raised to 10 µg/L from the previous 7 µg/L cut-off was largely due to the company which tested and marketed the first rhGH using a cut-off of 10 µg/L in their clinical trials and in their application for FDA approval.



Only recently has a cut-off value of <7 μg/L been accepted as the international definition of GH deficiency. The international reference preparation (IRP) for the hGH assay depended initially on purified pituitary GH and then on purified 22kDa recombinant hGH with a potency of 3 IU/mg [11]. Today, a serum concentration of 20 μIU hGH is equivalent to 6.7 µg/L [1].



The hypothalamic-releasing peptides somatostatin and GHRH—characterized in 1973 and 1982, respectively [1]—regulate pituitary GH secretion, which is pulsatile [12,13]; therefore, pharmacological stimulation tests became established for diagnosis. The range of diagnostic stimuli included arginine, L-DOPA, glucagon, and propranolone [14].



GH deficiency in children is a multi-faceted disorder requiring a combination of clinical and auxological assessments and investigation of the GH-IGF-1 axis and brain MRI [11]. The MRI presentation of severe GH deficiency has been demonstrated to be an ectopic posterior pituitary gland, an indistinct pituitary stalk and a small volume pituitary gland consistent with pituitary hypoplasia [15].



2.1. Treatment with Pituitary-Extracted hGH


The GH-deficient patients treated with pituitary-hGH were usually rather old, eg >10 years with a severely short stature and multiple pituitary hormone deficiencies (Figure 1). The hGH was administered intramuscularly two or three times weekly until 1983, when daily subcutaneous injections were introduced [16] and were equally effective. The dose of pituitary-hGH was 30–100 mIU per kg body weight given three times weekly [17].




2.2. Creutzfeldt–Jakob Disease


In 1984, a 20-year-old patient who had been treated with cadaveric pituitary-hGH for 14 years developed the serious neurodegenerative disorder, Creutzfeldt–Jakob disease [18]. The patient died within six months of the onset of symptoms. Post-mortem examination showed the characteristic spongiform encephalopathy of this condition caused by misfolding of a prion protein (PrP). If the abnormal prion had its origin in an infected cadaver pituitary gland, the infective agent could be passed to patients receiving pituitary-hGH. A global epidemic of CJD developed, with 226 cases reported in patients who had received cadaveric pituitary-hGH (Figure 1). Prescriptions of pituitary-hGH immediately ceased in virtually every country. The era of pituitary-derived hGH was over.





3. Recombinant hGH


In the 1970s, molecular biology permitted the DNA sequence encoding recombinant human GH (rhGH) to be expressed [19]. The recombinant peptide contained an additional methionine residue (meth-hGH), and in 1985, the first hGH produced from E. coli was approved for the treatment of paediatric GH deficiency. Safety and efficacy were documented in obligatory post-marketing surveillance studies organised by pharmaceutical companies and formed the extensive databases of the Kabi International Growth Study (KIGS) in Europe and the National Cooperative Growth Study (NCGS) in the USA. Both have provided a wealth of important scientific information. With the industrial production of rhGH becoming possible and restriction on supplies now removed, hGH therapy moved into a new era. A much wider range of GH deficiency, from severe to mild cases, was now accepted for replacement therapy. As a result, children diagnosed as GH deficient were younger. A rhGH regimen of 33 μg/kg body weight/day was generally adopted as the standard replacement therapy [11]. The modification of this dosage, dependent on patient needs and the prediction of the growth response, will be seen later.



3.1. Treatment of Non-GH Deficiency Disorders


A wide availability of rhGH allowed trials to be started in growth disorders not associated with GH deficiency. The first of these was Turner syndrome. The question was: could rhGH therapy, used in higher pharmacological doses—rather than replacement doses—accelerate growth and lead to height gain, which would increase adult height and provide a measurable clinical benefit? Extensive trials in Turner syndrome demonstrated adult height gain [20], leading to FDA and EMA approval of this condition for rhGH therapy. The approved dose was significantly higher than for GH deficiency, being in the region of 50 μg/kg/day [1]. Other non-GH deficient disorders followed, such as short stature related to birth size small for gestational age (SGA) [21,22], idiopathic short stature (ISS) [23]—which was approved in the USA but not in Europe—Prader–Willi syndrome, SHOX deficiency [24] and Noonan syndrome [25] (Figure 2). Growth failure in chronic renal insufficiency had previously been approved for in 1963.



Short stature related to SGA was approved for rhGH by the FDA in 2001 and the EMA in 2003. rhGH treatment had demonstrated gain of adult height when hGH therapy was initiated more than two years before the onset of puberty [21]. There was debate regarding the optimal hGH dose; a dose of 33 μg/kg/day was proposed by the group from Rotterdam [22], but other groups maintained that a higher dose of 67 μg/kg/day induced better-quality catch-up growth [27]. Both doses had similar effects on long-term growth; however, the higher dose tended to induce supra-physiological levels of serum IGF-1 during therapy. Hence, the lower dose of 33 μg/kg/day is now recommended by the EMA [28,29].




3.2. Safety of rhGH


Due to the collection of extensive data on the rhGH post-marketing databases, rhGH therapy has been demonstrated to be safe. Abnormalities reported during therapy tend to reflect the nature of the primary disorder being treated. For example, benign intracranial hypertension and slipped femoral epiphyses are most likely to occur in children with severe forms of GH deficiency. There are no data which demonstrate that a higher risk of cancer exists in children without an inherent risk. Post-surveillance registries, by recording adverse drug reactions, have contributed significantly to the overall positive reputation of rhGH as regards safety. Adverse events are lowest in patients with idiopathic GH deficiency or ISS [1]. EMA recommendations regarding the dose of rhGH for each indication need to be adhered to, and when prescribed according to these recommendations, the evidence suggests that rhGH therapy is very safe [30]. A comprehensive review of GH therapy in childhood and adult cancer survivors demonstrated that there is no evidence for an association between GH replacement and increased mortality from cancer amongst GH-deficient childhood cancer survivors [31].




3.3. The Continuum Model of GH-IGF-1 Axis Defects


The so-called continuum model of GH-IGF-1 axis defects [32] should be described in the context of the development of rhGH therapy. The model consists of two axes: the X axis describes GH sensitivity and the Y axis, GH secretion. Disorders of GH and IGF-1 secretion and action are positioned on the graph and are represented by a continuum ranging from severe to mild GH deficiency, through isolated short stature to mild and severe GH resistance [33].



These abnormalities present clinically with short stature and the clinician needs to address the challenge of growth-promotion with a therapy that is safe and has demonstrated efficacy. The two poles of the continuum—namely GH deficiency and GH resistance—can be treated with licensed rhGH and rhIGF-1, respectively [33]. Intermediate defects, where the degree of short stature is less severe, are more challenging. As will be discussed below in the context of growth prediction models, the more severe the GH deficiency is—based on the peak GH concentration in the diagnostic GH provocation test—the more responsive the patient is to rhGH. A patient with severe GH deficiency will usually respond to a small dose of 20 µg/kg/day, whereas in patients with mild GH deficiency, a higher rhGH dose of ~35 μg/kg/day would be more likely to induce an expected growth response. A patient with isolated short stature without GH deficiency requires an even higher rhGH dose, e.g., 50 μg/kg/day. When patients with GH resistance—also known as primary IGF-1 deficiency—are encountered, they will be unresponsive to rhGH, and the best option for their management is replacement with rhIGF-1—which is the logical approach, as their primary defect is by causing a deficiency in IGF-1 that is not responsive to rhGH [33,34].





4. Growth Prediction Models


Major progress in the use of rhGH has been made since 1985; however, a number of unmet clinical needs remain. One of these relates to the variability in growth response, with many patients not achieving optimal catch-up growth or adult height gain [29]. This is the case across the range of approved growth disorders, including GH deficiency [35,36]. In order to address this issue, mathematical models have been defined which incorporate different variables influencing growth. Use of this model can predict the growth response to rhGH therapy in different indications [37,38,39,40,41]. An increase in height velocity of 2 cm/year in a child with GH deficiency is predicted using a standard dose of rhGH 0.3 mg/kg/week, compared with SGA and Turner syndrome patients. The severity of the GH deficiency is the highest-rated variable in GH-deficient patients compared to the dose of rhGH per kg body weight per week, which has the highest predictive power in patients with non-GH-deficient short stature [38].



The use of mathematical models in the clinical setting has proven to be problematic, although their use has led to a smaller number of poor responders to rhGH therapy [42]. However, the development of prediction models represents a major milestone in the story of rhGH therapy. Their use underlines the principles of precision medicine, i.e., the individualization of care compared with the approach of standard care for all patients.




5. Poor Adherence to rhGH Therapy


A further unmet need related to long-standing rhGH therapy is the need to maintain high levels of patient adherence to the prescribed rhGH regimen. Long-term therapy with rhGH injections is demanding for the child and family, and there is good evidence that adherence decreases over time and that there is a direct relationship between the rate of adherence—in terms of the percentage of prescribed injections that are successfully administered—and the degree of short and long-term catch-up growth during therapy [43,44]. The detection of poor adherence can also be challenging in the clinical setting. Trained medical and nursing personnel are required to sensitively question the child and family. There are multiple potential reasons for poor adherence which can be seen in the context of the behavioural COM-B model [45,46].



Effective management of poor adherence to rhGH also requires the paediatric endocrinologist or specialist nurse to learn techniques of non-judgemental motivational interviewing [46]. Organisation, time, knowledge of common issues affecting adherence and the ability to build a close relationship with the family with open questions and an emphasis on pre-hGH treatment education are key components of this type of healthcare professional–patient interaction. The same healthcare professional should discuss adherence at each outpatient visit. Patient choice in the brand of rhGH and its injection device has been shown to be a key determinant factor in future adherence and response [47].



Electronic monitoring of injections is improving the rate of adherence and provides important feedback data on the evidence of sub-optimal administration of injections [44]. Self-reported data usually underestimate the degree of poor adherence and electronic monitoring has been shown to give a more accurate account [48]. The easypod™ injection device and Easypod Connect© system provide data on adherence that is related to the quality of the growth response [49]. The device facilitates the administration of a pre-set dose of rhGH, records injection times and doses, and provides the patient with information such as number of doses remaining [50]. The injection data can be collected and downloaded by healthcare personnel and patients, which enables distance monitoring. Thus, healthcare personnel can address issues of non-adherence to rhGH treatments at an early stage. Studies have, to date, indicated good tolerability of the device and overall high levels of adherence over several years [49,51].




6. The Future: Long-Acting rhGH and Oral GH Secretagogue Therapy


The burden on the child and family of daily injections of rhGH for many years has led to the development of long-acting rhGH molecules (LArhGH). The first of these was developed in 1999 but did not prove clinically advantageous, and it is in the last 5 years that new and improved preparations have been produced. The technology varies, with various options available. GH pharmacokinetic curves can be extended by the manipulation of drug release from subcutaneous depots and the manipulation of in vivo clearance from the circulation [52].



Prolonged biological action of rhGH can be obtained using a range of techniques including: (1) PEGylation, which combines polyethylene glycol moieties with rhGH, causing an increase in the size of the rhGH molecule and thereby reducing renal clearance and immunogenicity (Gene Sciences, Shanghai, China); (2) rhGH is conjugated to a fatty acid that can reversibly bind serum albumin, slowing drug elimination (Novo Nordisk, Bagsvaerd, Denmark); (3) TransCon technology: a ternary complex formed between an unmodified rhGH molecule, an inert carrier that shields the drug and a temporary linker (Ascendis, San Fransisco, CA, USA); and (4) the fusion of three copies of a naturally occurring C-terminal peptide of human chorionic gonadotropin (hCG) to the coding sequence of rhGH (OPKO-Pfizer, New York, NY, USA) [52,53].



Phase III trials have currently been published for the Ascendis and OPKO-Pfizer products and for Jintrolong—the pegylated rhGH that is well established in China. The non-inferiority of their efficacy in comparison with daily rhGH has been demonstrated in each case. Registration of these products for reimbursement is awaited from the FDA and EMA; however, it is very likely that they will be entering clinical practice in 2022 and 2023. The impact that this will have on prescriptions of daily rhGH is difficult to predict. It is likely that non-adherent patients will be identified first for LArhGH therapy, followed by naïve GH-deficient subjects and those treated during puberty and undergoing transitional care for transfer to adult services.



In terms of safety, a number of factors will need careful scrutiny and documentation in national, international and company-specific registries. Immunogenicity will need monitoring with assays for neutralising anti-rhGH antibodies. Serum IGF-1 is generally higher during LArhGH therapy than with daily injections [53]. The day of IGF-1 monitoring post-LArhGH injection is important, and guidance will need to be given to clinicians if dose-reduction is necessary. Finally, long-term metabolic status and injection pain and discomfort will require monitoring and scoring.



Oral GH Secretagogue Therapy


Lumos Pharma (Austin, TX, USA) is a US biotech company which has developed LUM-201, an oral GH secretagogue that increases GH pulsatility by stimulation of the GHSR1a receptor (ghrelin receptor) in the hypothalamus and pituitary. Predictive enrichment markers for the positive effect of LUM-201 have been defined as a peak GH response of ≥5 ng/mL to a single LUM-201 dose and a baseline serum IGF-1 concentration of >30 ng/mL. These positive predictive markers will be present in moderate or mild cases of paediatric GH deficiency, but not in severe hypopituitarism. LUM-201 has therefore been designed as a potential therapy for non-severe cases of GH deficiency. The data on increases in GH pulsatility are impressive and a phase II therapeutic trial is currently in progress [54,55].





7. Conclusions


Human GH has been used in various formulations for over 60 years to induce growth acceleration in GH-deficient children and, more recently, in non-GH-deficient disorders. Since 1985, rhGH has been used extensively—although until recently, no significant change in its development or formulation has occurred. However, we are now on the edge of a major era of therapeutic evolution with the change from daily to weekly rhGH administration. Transparency in efficacy and safety is essential as real-world experience accumulates with the introduction of LArhGH. It is hoped that adherence and efficacy will improve; however, the new formulations will need to be able to adjust to the nuances of growth prediction models. Acceptability by patients and families will need to be shown and safety demonstrated in terms of immunogenicity, metabolic status and GH biomarkers such as IGF-1 concentrations.
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Figure 1. Treatment of hypopituitarism in children with pituitary-extracted human growth hormone. Some of the pioneering paediatric endocrinologists who prescribed this therapy. 
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Figure 2. Indications for recombinant hGH therapy approved by the FDA after 1985 [26]. 
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