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Growth hormone deficiency is a rare disease characterized by short stature, delay in maturation and growth of children due to

poor development of the skeletal tissue. The current market for GHD treatment consists of once daily injections as a replacement

therapy to growth hormone. The review commences by summarizing the existing FDA approved formulations, with their indica-

tions, challenges and dosage regimen. Furthermore, we have reviewed the progress and challenges associated with the long acting

formulations undergoing clinical trials currently. Various research projects have implemented alternative routes of delivery such as

pulmonary and transdermal, or used nano-systems for controlled release of hGH, thereby reducing the dosing frequency. Our aim

is to shed some light on these approaches, while also evaluating their feasibility of traversing from bench to bedside. In this rapidly

transient field, we aim to emphasize this review on the research published during or after 2015.

Keywords: Long-acting hGH; PEGylation; Fusion Proteins; Lipidation

Abbreviations

hGH: Human Growth Hormone; GHD: Growth Hormone Deficiency;
FDA: Food and Drug Administration; HAS: Human Serum Albumin;
IGF-1: Insulin Like Growth Factor 1; IGFBP: IGF Binding Protein;
PEG: poly (ethylene glycol); CTP: C-Terminal Peptide; hCG: human
Chorionic Gonadotropin; mPEG: methoxy-poly (ethylene glycol);
PK/PD: Pharmacokinetics Pharmacodynamics; GFP: Green Fluo-
rescent Protein; SLN: Solid Lipid Nanoparticles; TMC: Trimethyl
Chitosan; TDM: Tetradecyl-B-D-maltoside; PL.E.A.S.E.: Precise La-
ser Epidermal System; SR-hGH: Sustained Release Hgh; PVP: Poly-
vinyl Pyruvate; PAA-cys: Poly Acrylic Acid Cysteine; hcBD: Human
Chitin Binding Domain; PLGA: Poly (Lactide-co-glycolide).

Introduction

National organization of rare diseases considers growth hor-
mone deficiency (GHD) as a rare disease characterized by insuf-
ficient secretion of Growth Hormone (GH) from anterior pituitary
gland. GHD can be innate (congenital GHD), acquired GHD, or may

result from an unknown cause (idiopathic GHD). When observed

in children, it results in delayed maturation and growth of the child
due to poor growth and development of the skeletal tissue. About
1:4000 children are growth hormone deficient [1]. In adults, GHD
is less prevalent and maybe a result of direct trauma to the anterior

brain (pituitary gland).

The human growth hormone is a 191 amino acid containing
protein with molecular weight of about 22kDa and isoelectric pH of
5.8. This pituitary endocrine hormone has been extensively stud-
ied for decades, and the active residues identified by alanine scan-
ning mutagenesis are F10, N12, 158, R64, Q68, K167, D171, K172,
E174,F176,C182 and V185 [2]. The hormone regulates postnatal
growth and metabolism. Normal hGH blood levels vary with age,
gender, physiological condition, environmental factors and so on.
It is clinically used with prescription for replacement therapy in
patients with growth hormone deficiency. Being a protein, the de-
livery of hGH is challenging. It has a very short plasma half-life of
about 3.4 hours after subcutaneous administration and 0.36 hours

after intraveneous injection [3]. The following paper aims to dis-
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cuss and summarize the advancements in hGH therapy research, tropin depot was the only long-acting FDA approved hGH formu-

the existing formulations and the challenges to be addressed. lation but was withdrawn in 2004 due to commercialization and

manufacturing difficulties. The dosage regimen, indications, side

FDA approved formulations: The current picture of hGH thera- oz vs and formulation components of these formulations, along

peutics with those of Nutropin depot are comprehensively listed in table
Currently, the hGH market is limited to six FDA approved hGH 1 and 2.

formulations, all of which are daily subcutaneous injections. Nu-

Active

Treatment . .
ingredient

Delivery system Duration of action

Somatropin (Nutro-
pin) - Genentech [55]

(Discontinued in

191 amino acid pro-
tein, MW 22,125 Da,
structure similar to

Subcutaneous injection.
Formulation (3cc vial):
13.5 mg rhGH, 1.2 mg Zn acetate, 0.8 mg Zn carbonate, 68.9 mg

Up to 30 days, about
50-60% release in the
first 2 days.

hGH, synthesized in E.
coli strain.

PLGA.
Diluent (1.5mL):
Sterile water for injection with 30mg/mL NaCMC, 1mg/mL
tween 20, 9mg/mL NaCl; pH 5.8-7.2
For injection vials:

5 mg somatropin, 25 mg mannitol, 5 mg glycine, 1.13 mg diba-
sic sodium phosphate supplied with a diluent (5mL) with 0.3%
metacresol and 1.7% glycerine.

For cartridge:

6/12/24 mg somatropin, 18/36/72 mg mannitol, 6/12/24
mg glycine, 1.36/2.72/5.43 dibasic sodium phosphate with
3mL diluent (water for injection with 0.3% metacresol and
1.7%/0.29%/0.29% glycerol respectively).

Front chamber:

Somatropin 5.8mg, glycine 2.2 mg, mannitol 1.8mg, sodium di-
hydrogen phosphate anhydrous 0.32 mg, disodium phosphate
anhydrous 0.31mg.

Rear chamber:

1.14 mL water for injection with 0.3% m-cresol, 45 mg man-
nitol.

Subcutaneous or Intramuscular injection available in vials.
Vial (5mg and 8.8mg strengths):

Somatropin 5mg, sucrose 34.2 mg, 1.16 O-phosphoric acid. pH
adjusted with O-phosphoric acid or NaOH.

Diluent is USP sterile water for injection with 0.9% with benzyl
alcohol as antimicrobial preservative.
Subcutaneous injection cartridge.

2004)

Humatrope (Injection 12 - 18 hours
vials and cartridges) -

Lilly [65]

191 amino acid pro-
tein, MW 22,124 Da,
structure similar to
hGH, synthesized in E.
coli strain.

Less than 24 hours
[tl/2 of about 3 hrs.)

Genotropin (Pfizer)
[66]

Lyophilized pow-
der,191 amino acid
protein, MW 22,124

Da, structure similar to
hGH, synthesized in E.
coli strain.

Saizen - EMD Serono
[67]

191 amino acid pro-
tein, MW 22,125 Da,
structure similar to
hGH, synthesized in E.
coli strain.

t, of about 1.27 hr.
for SC and 3 hr. for
IM route, overall less

than 24 hours.

Norditropin - Novo 191 amino acid pro- Less than 24 hours.

Nordisk [68] tein, MW 22,000 Da, | Supplied as sterile solution in prefilled pens of 1.5mL or 3mL
structure similar to volume.
hGH, synthesized in E. 1.5 mL:

coli strain. Somatropin 5mg/10mg/15mg, histidine 1/1/1.7 mg, poloxam-
er 4.5 mg, phenol 4.5 mg, mannitol 60/60/58 mg, HCl/NaOH
for pH adjustment in sterile water for injection.
3 mL:
Somatropin 30 mg, histidine 3.3 mg, poloxamer 9 mg, phenol 9
mg, mannitol 117 mg, HCl/NaOH for pH adjustment in sterile

water for injection.
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Tev-Tropin - Teva [69]

191 amino acid pro-
tein, MW 22,124 Da,
structure similar to

Subcutaneous injection:

Lyophilized somatropin 5 mg, mannitol 30 mg.
Diluent sterile 0.9% water for injection preserved with Benzyl

t, of about 1.27 hr.
for SC and 25 minutes
for IV route, overall

hGH, synthesized in E. Alcohol less than 24 hours.
coli strain.
Omnitrope - Sandoz 191 amino acid pro- Cartridge: t, of about 1.27 hr.

[70] tein, MW 22,124 Da, | 5mg Somatropin, 13.5 mg benzyl alcohol, water for injection to | for SC and 3 hr. for

structure similar to make total volume 1.5 mL. IM route, overall less

hGH, synthesized in E. Injection: than 24 hours.
coli strain. Somatropin 1.5mg/ 5.8 mg, glycine 27.6 mg, benzyl alco-
hol 0mg/17 mg, sterile water for injection to make volume
1.13mL/1.14mL.

Table 1: FDA approved formulations, the delivery systems and durations of action.

Treatment Indication (s) Dosage Known side effects

Somatropin (Nu-
tropin) - Genen-
tech [55]
(Discontinued in
2004)

For children and teenag-
ers with short stature or
inadequate growth patterns;
Turner syndrome?*; chronic
kidney disease (CKD) up to
the time of kidney transplant.

13.5mg/18 mg/22.5 mg

Swelling, joint pain, carpal tunnel
syndrome, injection site effects like
pain, swelling, irritation.

Humatrope (In-
jection vials and
cartridges) - Lilly
[65]

For long-term treatment
of GHD children and adults
(adult or childhood onset),

and children with idiopathic
short stature (non-growth
hormone deficient short
stature)

Pediatric patients:

GHD: 0.18mg/kg to 0.30 mg/kg - 3 weekly
doses given daily or on 3 alternate days 6
times a week;

Turner syndrome: 0.375 mg/kg per week.
Idiopathic short stature: weekly dose of
0.37 mg/kg divided evenly and adminis-
tered 6-7 times per week.

Development of anti-hGH antibodies;
Turner syndrome patients reported
otitis media, ear disorders; in adult

patient clinical trials, headache, mild
hyperglycemia, glucosuria, pain and
weakness were reported; although
in doubt, no certain correlation has

been established between treatment
with Humatrope and occurrence of

diabetes or leukemia.

Genotropin
(Pfizer) [66]

Children suffering from
idiopathic short stature, GHD,
small for gestational age,
Prader Willi syndrome**,
Turner syndrome.

Adults with childhood or
adult onset GHD.

Pediatric:

idiopathic short stature 0.47 mg/kg/
week, GHD 0.16-0.24 mg/kg/ week, small
for gestational age 0.48 mg/kg/ week,
Prader Willi syndrome 0.24 mg/kg/week
** Turner syndrome 0.33 mg/kg/ week.
Adult:

#Weight based from 0.04 mg/kg/week in-
creasing up to maximum of 0.08 mg/kg/
week at 4-8 weeks.
#Non-weight based: starting at 0.2 mg/
day, increasing gradually at 1-2-month
intervals by 0.1-0.2 mg/day.

Injection site reactions, lipoatrophy,
headaches,
Reports of sudden deaths in obese
children with Prader Willi syndrome

Saizen - EMD
Serono [67]

For long term treatment in
children with GHD, in adults
with childhood or adult onset
GHD.

For adults starting at 0.05 mg/kg/day
which was for a month, if tolerated
increased by 0.01 mg/kg/day (weight
based); starting at 0.2 mg/day, increasing
gradually at 1-2-month intervals by 0.1-
0.2 mg/day (non-weight based).

For children 0.18mg/kg to 0.30 mg/kg - 3
weekly doses given daily or on 3 alternate
days 6 times a week.

Arthralgia, headache, skeletal pain,
dizziness, influenza-like symptoms,
back pain, edema peripheral, myal-
gia, rhinitis, upper respiratory tract

infection, paraesthesia, hypoaesthe-
sia, carpal tunnel syndrome, chest
pain, depression, hypothyroidism,

insomnia.
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Norditropin - Pediatric: GHD, Noonan syn-
Novo Nordisk drome**** small at gestation-
[68] al age, Turner Syndrome.

Adults: GHD adult or child-
hood onset.

GHD 0.34 mg/kg/day for 6-7 times a
week, Noonan syndrome 0.66 mg/kg/day,
small at gestational age 0.67 mg/kg/day,
Turner Syndrome 0.67 mg/kg/day.

Starting at 0.004 mg/kg/day for six
weeks, if tolerated increased by 0.016
mg/kg/day (weight based); starting
at 0.2 mg/day, increasing gradually at
1-2-month intervals by 0.1-0.2 mg/day
(non-weight based).

Pediatric: Injection site reactions, lipoatrophy,

headaches.

Adults:

Tev-Tropin - Teva Pediatric:

Up to 0.1 mg/kg 3 times per week SC

Headache, injection site reactions.

[69] Growth failure due to inad- injection is recommended.
equate secretion of growth
hormone.
Omnitrope - San- Children with GHD short Pediatric: Headache, injection site reactions,
doz [70] stature, 0.16-0.24 mg/kg/ week divided into 6-7 lipoatrophy.
Adults with childhood or equal dose injections.
adult onset GHD. Adults:
0.04 mg/kg/week, if tolerated for a
month increased to 0.08 mg/kg/week.
Table 2: FDA approved formulations, Indications, dosage and known side effects.
Emerging therapies demonstrated absence of in vivo toxicity and mutagenicity [9]. A
Albumin binding hGH double-blinded, randomized, placebo-controlled study for single

Albumin is a long-circulating blood protein with multiple ligand
binding sites, that can be harnessed to prolong the circulation half-
life of rapidly clearing therapeutic agents [4]. A variety of protein
modifications are used to introduce albumin binding ability, such
as introduction of ankyrin domain [5], site-specific fatty acid con-
jugation [6] or fusing the protein of interest with the Albumin Bind-

ing Domain (ABD) from another protein [7].

NC-0195-0092, also known as Somapacitan, is an albumin
binding, long-acting variant of Somatropin. A single point muta-
tion in introduced to the hGH backbone in order to attach a fatty
acid chain with albumin binding characteristics. Albumin binding
increases the circulation time of molecules by sterically shielding
proteolytic degradation and preventing rapid glomerular filtration
due to large size of human serum albumin (HSA) [8]. The chemical
structure of Somapacitan is shown in figure 1. Pre-clinical studies

in hypophysectomized rats, mini-pigs and cynomolgus monkeys

(once-weekly) and multiple dose tolerance on non-Asian and Japa-
nese healthy male volunteers showed that once weekly doses of
0.02 - 0.24 mg/kg and multiple doses of 0.01-0.32 mg/kg were tol-
erated by all volunteers [10]. To further evaluate the safety and tol-
erability of this treatment in GHD patients, 34 GHD patients were
recruited and randomized, after a 14-day cleansing period during
which no hGH was given. The control group was administered
once daily Norditropin, and the treatment groups were given once
weekly NC-0195-0092, at doses 0.02, 0.04, 0.08 and 0.12 mg/kg.
the number of adverse events were similar to norditropin for doses
0.02, 0.04, 0.08 mg/kg, but were higher for 0.12 mg/kg dose. How-
ever, the overall treatment was found to be safe and no anti-hGH an-
tibodies or adverse effects besides those observed in conventional
hGH therapy were observed [11]. The group concluded that the
treatment may prove to be efficacious in humans and may serve as
a once-weekly breakthrough treatment [12]. In pre-pubertal chil-
dren (6-13 y.0.), once weekly administration of NC-0195-0092 was
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well tolerated up to 0.16 mg/kg, demonstrating that this may be a
good long-acting GH therapy for children [13]. In September 2018,
a clinical trial to demonstrate the efficacy of Somapacitan was pub-
lished. The results indicated that once weekly administration of
Somapacitan at 0.08 mg/kg and 0.16 MH/kg showed comparable
annualized height growth velocity results to daily Norditropin ad-
ministered at 0.034 mg/kg/day in GHD children [14].

Figure 1: Chemical structure of Somapacitan with the fatty acid
chain [15].

HSA - hGH fusion protein

Development of albumin fused proteins has been utilized for in-
creasing the circulation half-life of low molecular weight, rapidly
cleared proteins [16], aiding extracellular secretion of protein of
interest by utilizing co-overexpression of secretion factors [17] or
slow release of protein in the blood stream by utilizing protease
activity, thereby making the fusion protein approach a sustained

release technology [18].

TV-1106, prepared by Teva Pharmaceuticals Ltd., is a fusion pro-
tein of human growth hormone and human serum albumin. Also
known as albusomatropin, this protein is prepared by fusing a gene
of human growth hormone to human serum albumin, has the abil-
ity to stimulate the levels if IGF-1, thereby confirming its activity as
a somatropin receptor agonist It has an inherently long terminal
elimination half-life of 23-35 hours, and remains in systemic cir-
culation for about 7 days [19]. Pre-clinical studies in Cynomolgus
monkeys injected with 0, 2, 10, and 20 mg/kg of TV-1106 showed
no adverse effects or histopathological changes and elevated IGF-

1 levels, indicative of safety and efficacy [20]. The IGF-1 levels in-

13
creased in a dose dependent manner and no severe adverse effects
were reported in this study [19]. Healthy Japanese and Caucasian
volunteers were subjected to subcutaneous TV-1106 at doses 7.5,
15, 50 and 100 mg. It was observed that TV-1106 was slowly ab-
sorbed, with [ of 10-30 hours and the mean half-life was 26-36
hours, with no severe adverse reactions being reported. IGF-1 and
IGFBP3 were found to increase proportionately in dose dependent
manner [21]. Children and adults with GHD were subjected to TV-
1106 and divided in four dose quartiles - 3.36-<8.96 mg, =8.96-
<12.32 mg, 212.32-<15.12 mg and 215.12-<31.92 mg - with daily
Genotropin injections as a control treatment. Although effective in
a dose dependent manner, the treatment with TV-1106 showed ex-

tremely high variability [22].

PEGylated hGH

Attachment of polyethylene glycol (PEG) - a hydrophilic, non-
toxic molecule with low immunogenicity - to a macromolecule
is often harnessed to increase the hydrophilicity and molecular
weight of the molecule. This increased molecular weight improves
the serum half-life of hGH, and PEGylation of proteins has been

shown safe [23].

Jintrolong, the PEGylated form of rhGH (peg-rhGH), is designed
for once weekly administration. 40kDa branched, hydrophilic PEG
is attached to the amino group on rhGH [24]. Nb-2 cell lines from
NCBI demonstrated the activity of PEGylated hGH. Rats treated with
PEGylated hGH and regular rhGH showed much longer half-life of
PEGylated hGH and slightly more weight gain relative to unmodi-
fied rhGH, thus showing the superiority of PEGylated rhGH [25].
Administration of Jintrolong injections at doses 0.01, 0.06, 0.2, 0.5
or 0.8 mg/kg to healthy adult volunteers revealed that Jintrolong
was safe with similar side effects as that of the control group that
received once daily rhGH. It had a peak concentration time be-
tween 12 to 48 hours and half-life of 168 hours, both significantly
higher than conventional rhGH [24]. A 25-week randomized study
on GHD children subjected to 0.1 mg/kg/week Jintrolong, 0.2 mg/
kg/week Jintrolong once weekly injections and 0.25 mg/kg/week
rhGH daily injections showed that the height velocity significantly
improved in the Jintrolong group relative to the daily hGH, and a
significant improvement in standard deviation of height velocity
was also seen (p < 0.05). The study thereby demonstrated non-
inferiority of Jintrolong once weekly injection over daily adminis-
tered rhGH [26]. Another small scale trial on children had similar
results, thereby proving that Jintrolong has a prolonged half-life,

higher maximum plasma concentration and slower elimination as
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compared to daily rhGH injections, as well as shows no progressive

plasma accumulation [23].

CTP modified hGH

MOD-4023 is a long-acting, modified form of hGH, which con-
tains the carboxy terminal peptide (CTP) of human chondrionic go-
nadotropin [27]. The CTP is derived from the terminal 28 residues
of the human chorionic gonadrtropin (hCG) C-terminal [27]. The
said 28 residue C-terminal peptide (CTP) is responsible for pro-
viding longevity to hCG when sustaining pregnancy. MOD-4023 is
formed by attaching three CTPs to hGH (CTP-hGH-CTP-CTP) [27].

This fusion increases the serum half-life of hGH.

This peptide has a relatively lower binding affinity in vitro to hu-
man growth hormone receptor as compared to unmodified growth
hormone, but significantly prolonged circulation time. Studies in
Sprague-Dawley rats and Rhesus monkeys demonstrated that
once in five days injection of MOD-4023 produced similar effects
as daily rhGH [27]. In healthy Japanese and Caucasian adults,
a placebo controlled study was performed at 2.5, 7.5 and 15 mg
weekly doses of MOD-3024, and demonstrated that the drug was
safe and well tolerated at administered doses [28]. Clinical studies
for MOD-4023 in GHD children demonstrated 5-10-fold increase in
the plasma half-life as compared to the daily rhGH. 0.66 mg/kg/wk
dose of once weekly injection of MOD-3024 produced effects clos-
est to 0.24mg/kg/wk dose of daily rhGH [29]. For optimizing dose
for adults, MOD-3024 was administered in weekly doses of 18.5%,
37%, 55.5% and 123.4% of individual hGH doses. All the doses
were well tolerated, and except 18.5% dose, all were efficacious in
maintaining the IGF-1 concentration. The PK and PD parameters

were found to be dose dependent [30].

Pro-drug approach

Permanent PEGylation of hGH has been exploited for enhanced
half-life due to slower renal filtration. Although about a dozen dif-
ferent PEGylated variants have been designed, most clinical trials
have been discontinued due to adverse effects such as altered phar-
macology, injection site lipoatrophy, vacuolation and dissatisfac-

tory efficacy [31].

TransCon hGH is another long-acting variant, which employs
the pro-drug approach. The rhGH is transiently linked to methoxy-

polyethylene glycol (m-PEG) carrier via a proprietary linker, as

14
shown in figure 2. The methoxypolyethylene glycol acts as an in-
ert, sustained-release carrier that releases active hGH slowly into
the blood stream over a period of seven days [32]. In healthy male
volunteers, TransCon was administered at doses ranging between
0.02 mg/kg/week and 0.24 mg/kg/week. It was shown in this
active controlled (with Omnitrope) and placebo controlled clini-
cal trial that all the doses were well tolerated. The IGF-1 and hGH
levels increased in a dose dependent fashion [33]. In GHD adults,
once weekly injection of TransCon at doses 0.02, 0.04 and 0.08
mg/kg/week were compared to once daily injection of Omnitrope
at a dose of 0.04 mg/kg/week. TransCon was well tolerated and
demonstrated a dose dependent increase in growth hormone con-
centration, with headache and fatigue being the most common
side-effects [34]. Active-controlled, multi-center, open label stud-
ies using 0.14, 0.21 and 0.30 mg/kg/week of once weekly Trans-
Con versus Genotropin daily injections of 0.03 mg/kg/day showed
that statistically similar mean height growth velocities were seen
in pre-pubertal children suffering from GHD, and similar PK/PD

parameters were observed [32].

Figure 2: Diagrammatic structure of the pro-drug TransCon
showing the carrier (dark blue), linker (green) and hGH molecule
(light blue). This is the inactive form, which after cleavage gets rid

of the inert carrier and releases hGH in a controlled fashion [32].

XTEN - hGH fusion protein

XTEN is an unstructured, recombinant polypeptide of 864
amino acids, with absence of hydrophobic residues, which cause

immunogenicity and complicate manufacturing. This makes it a
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desirable candidate for fusion with proteins such as glucagon, hGH,
exenatide and GFP which have very short biological half-lives [35].
Genetic fusion of XTEN amino acid sequence to native hGH N-ter-
minus and C-terminus is known to reduce receptor mediated clear-

ance, thereby increasing the half-life and thereby the potency [36].

Somavataran (VRS-317) is a fusion protein of the active do-
main rhGH and inactive domain of long chains of natural hydro-
philic amino acids (XTEN). Although it is significantly less potent
as compared to the native rhGH, extremely slow elimination rate
allows longer tissue interaction and hence makes this molecule
efficacious [37]. Naive-to-treatment children underwent a clinical
trial for dose optimization of Somavataran followed by dosing fre-
quency optimization. Somavataran was administered at escalating
doses (0.8, 1.2, 1.8, 2.7, 4.0, or 6.0 mg/kg), leading to an observa-
tion that pharmacokinetics is dose dependent and higher doses
lead to higher response, marked by IGF-1 levels. Furthermore, 1.15
mg/kg/week, 2.5 mg/kg twice a month and 5.0 mg/kg/month so-
mavataran was administered. Mean height velocities were similar
between groups, and the adverse reactions were mild and tran-
sient. The study showed tolerability and efficacy of Somavaran and
frequencies of dosing it weekly, twice a month or monthly led to no
significant differences [37]. Long term study indicated that mean
height velocity remained consistent during all three years, height
SDS continued to increase and treatment related adverse effects

were transient and mild [38].

Alternative delivery strategies
Pulmonary administration of hGH

The pulmonary route of drug delivery has seen limelight in the
past two decades, given its superiorities such as being a non-inva-
sive and painless route, ability to bypass first pass metabolism of
therapeutics, enabling longer retention of therapeutics and there-
fore absorption of larger amount of drug and ability to design me-
tered dosage forms [39]. Various nanocarriers such as solid lipid
nanoparticles (SLNs), inhalable microparticles for peptide and
protein delivery are in various stages of preclinical development
[40,41]. Dry powder for inhalation (DPI) formulations of insulin
comprising of micronized drug with lactose as carrier have been
explored and patented [42]. In order to enhance the bioavailability
of hGH via pulmonary route to a commercially acceptable range,

Solutol HS15 based system called the CriticalSorb was developed.

15
In rat models, it was observed that the extent of bioavailability was
dependent on the concentration of Solutol HS15. It was seen that
10% w/v Solutol HS15 based diluent resulted in maximum ab-
sorption of hGH via nasal route, when compared to SC injection, as

shown in figure 3 [43].

Figure 3: Graph of hGH serum concentration versus time for hGH

delivered via pulmonary route by formulations containing varying

amounts of Solutol HS15 compared to subcutaneous hGH injection
[43].

The Pheroid technology is a relatively new fatty acid based drug
delivery system [44]. Steyn and group evaluated Pheroid vesicles
and Pheroid micro sponges for pulmonary drug delivery of rhGH
and compared these methods to conventional SC injections in male
Sprague Dawley rats, and showed a relative bioavailability increase
0f 38.9% and 128.5% respectively for Pheroid vesicles and Pheroid
micro sponges. The same group evaluated well established absorp-
tion enhancers N-trimethyl chitosan chlorides (TMC H-L and TMC
H-H) and showed a significant increase in absorption [45]. It was
shown that Pheroids increased bioavailability by providing a lon-
ger residence time to rhGH, while quartenization of TMC imparted
the absorption enhancing properties. Tetradecyl-f-D-maltoside

(TDM) was shown to cause rapid and transient alteration of the
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rat nasal epithelia without causing any irreversible damage, as vi-
sualized by transmission electron microscopy. Administration of
growth hormone with 0.125% TDM showed a marked increase in

its absorption through nasal epithelium [46].

Transdermal administration of hGH

Zosano Pharma hGH (ZP-hGH) was formulated by coating liq-
uid hGH formulation on a titanium microneedle array by dip coat-
ing followed by drying and evaluated for formulation stability and
preclinical efficacy studies in female hairless guinea pigs. The for-
mulation was stable for 6 months when stored at 40°C with no sig-
nificant increase in % aggregation as evaluated by size exclusion
chromatography coupled HPLC (SEC-HPLC). 0.5 and 1 mg doses on
patches were compared to marketed Norditropin and both the for-
mulations were shown to have similar efficacy and pharmacokinet-
ics, thereby concluding that transdermal route could be exploited
as an alternative to SC injections [47]. In vitro permeation studies
using vertical Franz diffusion cell with dermatomed porcine ear
skin were conducted to evaluate the effect of pore density created
by laser abrasion on hGH permeability. Precise Laser Epidermal
System (P.L.E.A.S.E.) was used to create different pore densities at
varying fluences and it was shown that both the factors influenced

the permeation of hGH through porcine skin [48].

Micro and nano drug delivery systems

Sustained release rhGH (SR-rhGH) hyaluronate microparticle
based formulation was prepared by spray-drying and proved to be
a successful sustained-release delivery system tested in cell prolif-
eration assay and rat weight gain assay. The formulation revealed
minimum dimerization (about 2%) and absence of aggregates
when spray dried at optimized parameters by the research group
[49]. An injectable formulation of 100-200 nm size range nanogel
of cinnamoyl alginate, cinnamoyl Pluronic F127 and cinnamoyl
poly (ethylene glycol) with 3.33% (w/w) hGH loading was injected
in rats corresponding to 0.5 mg hGH/kg body weight. It showed a
higher AUC of hGH in blood for 7 days as compared to 0.05 mg/kg
daily hGH. It was shown using fluorescence studies that the in vivo
residence time of the nanogel was about 96 h [50]. Lyophilized co-
precipitates of poly (vinyl pyruvate) (PVP) with poly (acrylic-acid
cysteine) (PAA-cys) were micronized using jet milling to a size of
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about 3 pm and harnessed for pulmonary delivery of insulin [51].
Although there is no proof of concept study of using this system
for rhGH, it can be proposed to work for protein delivery. A dif-
fusion controlled sustained release system of rhGH was achieved
by encapsulating sugar glass-stabilized rhGH in electrosprun, bio-
resorbable poly (ether urea) nanofibers. The study showed posi-
tive efficacy results on Nb-2 cell lines and burst release for at least
6 weeks [52]. Calcium carbonate particles are in the limelight for
protein delivery strategies by their virtue to ionically interact with
proteins. Ramalapa and group studied the fusion of protein of in-
terest with human chitin binding domain (hcBD) that has inherent
ability to bind to hyaluronic acid in order to enhance the drug load-
ing on hyaluronic acid templated CaCO, particles prepared with
supercritical CO,. They validated a previous study that showed a
significant (6-fold) enhancement of encapsulation efficiency and
further demonstrated that introduction of Thrombin cleavage sites

enhanced the protein release from 20% to about 90% [53].

Challenges associated with the hGH therapy
Challenges associated with the approved formulations

All the approved formulations are intended for once daily injec-
tion. Injectable formulations suffer from the key limitation of poor
patient compliance, especially when the target group is pediatric.
Moreover, the hGH therapy is a chronic hormone replacement ther-
apy that may last for several years. hGH replacement is relatively
rare, but an insulin injection website very effectively summarizes
the challenges associated with once daily injections, that include
injection site skin irritation, bruising, solution leakage from the
injection device and at the site, clogging of the device sometimes,
leading to added pain and so on. Also, daily injections are extreme-
ly challenging for the visually impaired population [54].

Nutropin was the only approved long acting formulation of hGH.
Although proven efficacious, this formulation showed a high pa-
tient to patient variability, as seen in the giant error bars in the
graph in figure 4 [55]. This PLGA based formulation was with-
drawn from the market after few years of exclusivity (1999-2004),
the reason being ‘the significant resources required for manufac-

turing and commerecialization of the product’ [56,57].
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Figure 4: The graph of serum growth hormone profile for
Nutropin Depot [55].

Difficulties associated with formulations in clinical trials
The unique chemistries

While derivatization of any protein into a stable variant is a
brilliant approach to prolong its half-life intrinsically, every modi-
fication comes with its own share of disadvantages. While fusion
protein approach provides half-life enhancement, it comes with
several manufacturing difficulties such as stability, solubility and
dosing challenges such as immunogenicity and reduction of po-
tency [58]. The nominal half-life value of HSA in blood is 456 hours
(19 days). However, there have been examples of withdrawal of
these fusion proteins due to questionable safety profiles such as
Albuferon and Egranli [58]. PEGylation is known to inhibit cel-
lular uptake [59]. Besides, a review on alternative approaches to
PEGylation cites several drawbacks associated with this technique,
such as PEG bioaccumulation, hypersensitivity and antibody for-
mation [60]. Lipidation of proteins for HSA binding is an excellent
approach to enhance half-life without actual fusion to HSA. How-
ever, lipidated proteins may interact with proteins other than HSA
[8], and although there is no written statement for this, this type of
non-selective interaction may lead to variability between patients.

Manufacturing difficulties

Covalent linking of PEG or lipid chain to the protein of interest
results usually in a heterogeneous mixture of conjugated products
[61]. This type of non-specific conjugation with PEG or lipid chain
leads to impaired protein function, difficulty in purification, char-
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acterization and evaluation of the protein [62]. Site-specific PE-

Gylation typically requires enzymatic conjugation [63].

Problems with exploring alternative routes and nanoscale sys-

tems

While the idea of using micro and nanoscale formulations
seems fascinating, the actual approval rates nanomedicine by FDA
are significantly lower [64]. Challenges are associated with using
micro and nano formulations at various levels. Large scale manu-
facturing, stability, intellectual property, quality control, govern-
ment regulation and high manufacturing costs at an industry level
coupled with complex biological behavior, biocompatibility and
safety challenges and PK/PD challenges at a treatment level have
been the hurdles in commercialization of nano-formulations [64].
Although the pulmonary and transdermal routes have given prom-
ises, they behold several challenges. Use of high concentrations of
excipients such as surfactants or permeation enhancers may show
good primary lab scale results, but in no way line up with the IIG
limits set by FDA. For example, in the study outlining pulmonary
delivery of hGH comparable to subcutaneous route discussed be-

fore, very high concentrations of Solutol HS15 have been used [43].

Conclusion

Over the past few decades, several efforts have been made to
enhance the serum half-life of hGH. Among these, very few have
made their way to the clinical trials, such as PEGylated hGH, fatty
acid conjugated hGH with albumin binding abilities, hGH transient-
ly bound to methoxy-PEG, fusion proteins of hGH with albumin,
28 residue C-terminal peptide of human chorionic gonadotropin,
XTEN polypeptide. Understanding the unique chemistries or PK/
PD properties of each of these modifications is a prerequisite for
further developing newer chemistries or delivery systems. Al-
though alternative routes have been explored, such as nasal and
transdermal, they are only at a proof of concept stage. A better
commercial and manufacturing viability of these delivery systems,
and clinical studies are still awaited. Hopefully, in the near future,
newer human growth hormone delivery systems will emerge, lead-
ing to dosage forms with reduced dosing frequency and patient-to-
patient variability.
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