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Background. Currently, the main treatment for Gaucher disease is enzyme replacement therapy. Recombinant glucocerebrosidase (imiglucerase) is the first biotechnological drug for enzyme replacement therapy with proven clinical efficacy and safety for the treatment of patients of different ages with Gaucher disease type 1 and type 3, used in clinical practice since 1994. In Russia, within the framework of the “Pharma 2020” pharmaceutical industry development strategy, the first biosimilar of Cerezyme® (imiglucerase), the drug Glurazyme®, was developed. The obtained results of preclinical studies became the basis for a phase I randomized comparative crossover clinical trial.	Comment by mintaha eroglu: Missing translation: “Церезим®
(имиглюцераза).” 

Added “Cerezyme® (imiglucerase)”
The objective of the study was to assess the short-term safety and pharmacokinetic parameters of Glurazyme® in comparison with the Cerezyme® after a single intravenous administration to healthy volunteers.
Materials and methods. 23 healthy volunteers aged 18–45 years were included in a 3-stage clinical trial. The study during the 1st and 2nd stages was open, randomized, comparative, crossover. At the 1st stage, volunteers from the 1st group received the Glurazyme®, from the 2nd group – the Cerezyme® once in doses of 30 U/kg. At the 2nd stage, Cerezyme® was administered to the 1st group, Glurazyme® ‒ to the 2nd group once at doses of 30 U/kg. After the end of the 1st and 2nd stages, the 3rd stage was carried out for the 3rd group (n = 5) with the administration of the test drug once at a dose of 60 U/kg.
Results. For all studied pharmacokinetic parameters, after administration of the test and reference drugs in doses of 30 U/kg, 90% confidence interval was in the range from 80 to 125%, which indicates the pharmacokinetic compared drugs equivalence. A total of 6 adverse events of mild and moderate severity were recorded. Of these, 4 adverse events were noted after administration of the study drug and were not associated with its administration. A comparative analysis of safety assessment parameters in this study (frequency and severity of adverse events, physical examination of healthy volunteers with an assessment of vital signs, laboratory tests, electrocardiography) did not reveal intergroup differences.
Conclusion. The pharmacokinetic equivalence of the Glurazyme® and the reference drug in a dose of 30 U/kg has been established. A nonlinear dependence of the main pharmacokinetic parameters on studied drug administered dose was revealed. Safety and the absence of adverse reactions after a single injection of the study drug are shown.
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Introduction
Gaucher disease (GD) is the most common form of hereditary enzyme defects combined into the group of lysosomal storage diseases. The disease is based on a hereditary deficiency in the activity of acid β-glucosidase (β-lucocerebrosidase) lysosomal enzyme, which is involved in the degradation of cellular metabolism products, enzymatic intralysosomal cleavage of glycosphingolipids, the most important structural elements of cellular membranes. This enzyme catalyses hydrolysis of glucosylceramide (glucocerebroside), a key component of the lipid structure of cellular membranes, to glucose and ceramide [1–4].
Gaucher disease occurs with a frequency of 1:40,000 to 1:60,000 in representatives of all ethnic groups, while in the Ashkenazi Jewish population the frequency of the disease amounts to 1:450–1:1000 [5, 6]. GD is inherited by an autosomal recessive mechanism; the disease is based on mutations of the glucocerebroside gene located in q21 region on chromosome 1. The presence of 2 mutant gene alleles (autosomal recessive inheritance) is associated with a decrease in the catalytic activity of glucocerebrosidase (or its absence), which leads to accumulation of unutilised complex lipids (glucocerebrosides) in the cytoplasm of macrophages, autocrine stimulation of monocytopoiesis and an increase in the absolute count of macrophages in the locations of their “physiological home”, which leads to splenomegaly, hepatomegaly, bone marrow infiltration with cytopenic syndrome and damage to the osteoarticular system [2, 7, 8].
Currently, the main type of treatment for GD is enzyme replacement therapy (ERT). ERT with recombinant glucocerebrosidase (imiglucerase) in the standard regimen of intravenous infusions once every 2 weeks has been actively used for the treatment of type 1 GD since 1994. ERT leads to regression of cytopenia, a decrease in the spleen and liver size, and prevents the development of irreversible damage to the osteoarticular system [2, 4]. On exposure to imiglucerase, hydrolysis of glucocerebroside to glucose and ceramide follows the usual pathway of membrane lipid metabolism. The efficacy of imiglucerase has been proven in regard to reducing the frequency of bone crises, bone pain, osteonecroses, increasing bone mineral density, and normalising growth in children. The proven clinical efficacy of imiglucerase is combined with good tolerance and the absence of pronounced side effects in the treatment of patients of different ages with type 1 and type 3 GD [7, 9, 10]. In June 2009, Genzyme Ltd. suspended production of Cerezyme® (imiglucerase) due to viral contamination of the bioreactors. The suspension of production led to a serious shortage of the drug for GD patients all over the world, which caused significant difficulties in their treatment. This problem contributed to the development and conduct of clinical studies of Cerezyme® biosimilars as well as new drugs for ERT
[11–13].
In Russia, in order to stimulate the development and production of domestic innovative medicines, “Strategy for the Development of the Pharmaceutical Industry in the Russian Federation for the Period Until 2020” (“Pharma 2020”) was approved in 2009, and, later, a state programme of the Russian Federation “Development of the Pharmaceutical and Medical Industry” was adopted for 
2013-2020. The implementation of the programme is aimed at increasing the domestic production and supply of vital and essential medicines including those for treatment of rare diseases such as GD [13, 14].
As part of the “Pharma 2020” strategy, in 2011, the Russian biotechnological company MBC Generium LLC began the development of a biosimilar drug Glurazyme® (imiglucerase) for treatment of type 1 and type 3 GD, which was carried out in accordance with international requirements [15–17]. In the course of product development, comparative non-clinical studies were carried out whose results demonstrated comparability of Glurazyme® and Cerezyme® in terms of quality, physicochemical and biopharmaceutical properties, confirmed the absence of toxicity and good tolerance of Glurazyme® [18, 19]. The obtained results of non-clinical studies served as grounds for a Phase I comparative clinical trial of Glurazyme® versus a reference drug (RD) in healthy volunteers No. KI-33/14, which was approved by the Ministry of Health of Russia (Authorisation No. 130 dated 16/03/2015).
The purpose of the study was to assess the short-term safety and pharmacokinetic parameters of the investigational product (IP) Glurazyme® versus Cerezyme® in healthy volunteers after a single intravenous administration.
[bookmark: bookmark3]Materials and Methods
The Clinical Research Centre of the City Polyclinic No. 2 of the DZM [Moscow City Healthcare Department] conducted a Phase I open-label, randomised, comparative, crossover clinical study to assess the safety and pharmacokinetics of Glurazyme® versus Cerezyme® at a dose of 30 U/kg, after a single intravenous administration followed by a safety and pharmacokinetics assessment of Glurazyme® at a dose of 60 U/kg after a single intravenous administration in healthy volunteers (Table 1). A sequential two-stage crossover design is classic for comparative studies to evaluate safety and bioequivalence of compared biological products in healthy volunteers [20].
   Healthy volunteers were randomised for a comparative pharmacokinetics study at the investigational site at a 1:1 ratio by the method of envelopes containing the arm number; the sequence was generated by random normal numbers using the www.randomization.com resource. The healthy volunteers of the 1st arm received first IP, then RP. The healthy volunteers of the 2nd arm received first RP, then IP.
As a result, each of the healthy volunteers who participated at the 1st and 2nd stage of the study was given an intravenous infusion of IP then and RP or, conversely, RP and then IP once at a dose of 30 U/kg.
At the 3rd stage, healthy volunteers who did not participate at the 1st and 2nd stages of the study received IP in the form of a continuous intravenous infusion at a dose of 60 U/kg. A dose of 30 U/kg is a standard initial dose for treating patients with GD type 1, while a dose of 60 U/kg is considered the maximum and is used in type 1 GD patients with severe course of the disease, as well as in patients with GD type 3 [2].
The inclusion criteria were:
· age from 18 to 45 years;
· body mass index ranging from 18.5 to 30 kg/m2, weight from 50 to 100 kg;
· the verified “healthy” diagnosis according to clinical, laboratory, and instrumental examinations;
· the volunteer’s written consent for participation in the study in accordance with applicable law;
· negative pregnancy test for women and consent to adhere to adequate contraception methods (double barrier method).Table 1. Study stages diagram
Characteristic
Screening
Randomization
1st stage
2nd stage

3rd stage



The period of investigational and reference products first administration
The monitoring period (2–6 days of the study)
The period 
of investigation-al and reference products second administration
The monitoring period
(8–12 days of the study)
Screening
The period of investigational product administration
The monitoring period 
2–6 days of the study)
Days of study
–14…–1st
0th
1st
5th
6th
7th
12th
–14…–1st
1st
6th
Visit

1st
2nd
3rd
4th
5th
6th

1st
2nd
Volunteer group
1st (n = 9), 2nd (n = 9)
3rd (n = 5)
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The main criteria for non-inclusion in the study were: hypersensitivity to imiglucerase, alglucerase, or to excipients of these drugs; burdened allergic history; chronic diseases of internal organs, mental illnesses; infection with human immunodeficiency virus, hepatitis B or C; acute infectious diseases within 4 weeks prior to the start of the study; medication with a pronounced effect on haemodynamics or internal organ functions within 1 month prior to the start of the study, deviations from the physiological norm of blood pressure and heart rate (HR); alcoholism, drug addiction, substance abuse, positive urine test for potent and narcotic drugs, smoking.
In total, 30 healthy volunteers were screened in the study, 3 of whom did not meet the recruitment criteria. The total volunteer population included in the study (full analysis set, FAS) comprised 27 people including 4 back-ups (Fig. 1). The safety population comprised 23 healthy volunteers (85.2% of the total number of volunteers included in the study). All the study visits and procedures were performed by 23 healthy volunteers included in the per-protocol analysis (PP) population. All 3 groups were comparable to each other (table. 2).
The study studied the following pharmacokinetic parameters:
[image: C:\Kuntal_Data\PROJECTS\SANOFI\20096_FR0086742\4-Formatting\ru-RU\01_DTP\R0\BDD-28943\1.png]•	АUС0–t (U x min/l) – area under the curve of concentration versus time from zero moment to the last moment of measurement with the measured concentration above the limit of quantification; Screening
Screened (n = 30)
Not enrolled in the study (n = 7)
Not eligible for selection criteria (n = 3)
Understudies (n = 4)
Enrolled in the study (n = 23)

Study enrollment
Randomised (n = 18)
1st group (n = 9)
2nd group (n = 9)
3rd group (n = 5)
Observation
1st stage – Glurazyme® 30 U/kg     (n = 9)
2nd stage – Cerezyme® 30 U/kg     (n = 9)
1st stage – Cerezyme® 30 U/kg (n = 9)
2nd stage – Glurazyme® 30 U/kg (n = 9)

3rd stage – Glurazyme® 60 U/kg
 (n = 5)
Included in the analysis (n = 5)
Excluded from analysis (n = 0)
Included in the analysis (n = 9)
Excluded from analysis (n = 0)

Included in the analysis (n = 9)
Excluded from analysis (n = 0)

Analysis
Fig. 1. Study flow chart (according to CONSORT standard)

· Cmax (U/l) – the maximum concentration estimated directly from the recorded concentration values;
· AUC0–∞ (U × min/l) – area under the curve of concentration versus the time from the zero moment with extrapolation to infinity;
· Cmax/AUC0–∞ (min–1) – the ratio of the maximum concentration to the area under the pharmacokinetic curve;
· Tmax (min) – time of the first attained maximum concentration;
· T1/2 (min) – half-life related to the terminal phase;
· Kel (min–1) – elimination rate constant related to the terminal phase;
· Cl (ml/(kg × min)) – total clearance;
· Vd (ml/kg) – volume of distribution;
· Vss (ml/kg) – apparent volume of distribution in steady state;
· MRT (min) – mean retention time of the drug.
All pharmacokinetic parameters were calculated individually for each healthy volunteer based on the one’s time vs blood drug concentration data, using actual  blood sampling time, and collected after 0, 10, 20, 30, 60, 70, 80, 90 min after administration of the IP or RP at the studied doses. The concentration of IP and RP in the blood plasma was determined at the central laboratory of the Analytical Department of MBC Generium LLC using an enzymatic technique with substrate-labeled fluorescence. The limit of quantification was 0.2 mU/ml.
Pharmacokinetic equivalence was assessed in accordance with the requirements of the Russian and international regulatory documents to the equivalence study for reproduced biological products [16, 21–23].
Safety of the drugs (number, severity of adverse events (AEs), their relation to the IP) was assessed according to clinical (complaints, physical examination results, state of vital functions:   HR, systolic (SBP) and diastolic (DBP) blood pressure, respiratory rate, body temperature; electrocardiography data in 12 standard leads) and laboratory (complete blood cell count, biochemical blood test, urinalysis, urine test for human chorionic gonadotropin) monitoring. The frequency of occurrences when the values of clinical and laboratory parameters fell outside the permissible limits was used as a characterising safety indicator.
Quantitative indicators were calculated in each group as the main statistical indicators: maximum, minimum, and mean values with an indication of the standard error interval or percentiles depending on the nature of data. For categorical (qualitative and ranking) parameters, the frequencies and occurrence percentage were calculated for the corresponding categories (ranks). To determine the influence of study factors on quantitative parameters of the healthy volunteers’ state of health, analysis of variance (ANOVA) was used. Nonparametric techniques (Kruskal-Wallis multiple comparison test) were used as auxiliary methods in dubious cases. To assess the existence of a relationship between qualitative parameters, we used contingency table analysis (χ2 test or Fisher’s exact test in case of small values of the observed frequencies). The proportionality between the main pharmacokinetic parameters (AUC, Cmax) and the administered IP dose was analysed based on the power function, y = a × doseb, where a is the proportionality constant, b is the power exponent. The data were presented taking into account generally accepted recommendations [24]. 
[bookmark: bookmark4]Results
Analysis of pharmacokinetics parameters. Plasma concentrations of the drugs were determined for all healthy volunteers at all planned time points, with no missing values. The maximum IP and RP concentration in blood plasma was attained 60 min after the start of administration, followed by a slow exponential decrease in concentration (Fig. 2). Table 2. Baseline characteristics of healthy volunteers
Characteristic
1st group (n = 9)
2nd group (n = 9)
3rd group (n = 5)
Understudy n = 4)
Р
Gender, n (%)

female 

male
6 (66.7)

3 (33.3)
4 (44.4)

5 (55.6)
0

5 (100)
2 (50.0)

2 (50.0)
0.147

Age (М + SD), years
30.6 ± 8.5
30.6 ± 4.9
29.6 ± 9.4
30.8 ± 4.5
0.994

Weight (М + SD), kg
67.5 ± 13.6
69.2 ± 12.7
79.6 ± 9.2
62.5 ± 13.0
0.221
Height (М + SD), cm
170.0 ± 11.0
170.0 ± 11.0
179.6 ± 1.1
165.3 ± 9.8
0.178
Body mass index (М ± SD), kg/m2
23.19 ± 2.91
23.79 ± 2.28
24.70 ± 2.96
22.78 ± 3.88
0.735



In general, the average blood plasma concentration values of the IP after a single administration at a dose of 
30 U/kg were close to those of RP after a single administration at a dose of 30 U/kg at all measured time points.
After administration of Glurazyme® at a dose of
30 U/kg, mean AUC0-t amounted to 4056.0 ± 818.4 mU × min/ml; after administration of the RP at a dose of 30 U/kg – 4610.2 ± 738.0 mU × min/ml; AUC0-∞ – 4111.65 ± 831.93 and 4686.34 ± 752.47 mU × min/ml; Cmах – 84.3 ± 16.9 and 98.0 ± 16.7 mU/ml; Cl – 7.6 ± 1.54 and 6.6 ± 1.15 ml/(kg × min), respectively. The calculated 90% confidence interval (CI) for the ratio of AUC0–t, AUC0–∞, Cmax, Cmax/AUC0–∞, Cl for these pharmacokinetic parameters lies within the allowable range of 80-125% (Table 3). The mean half-life (T1/2) and volume of distribution (Vd) were 7.1 ± 1.0 min for IP and 76.3 ± 13.8 ml/kg for IP and 7.4 ± 1.0 min and 69.7 ± 11.7 ml/kg for RP, respectively. For the 1st and 2nd arms of volunteers, there were no statistically significant differences between the drugs in terms of T1/2 and Kel
(p> 0.05). The results for the indicated pharmacokinetic parameters that were obtained in the study are consistent with the literature data on imiglucerase [9, 10]. In this study, there was no statistically significant (p >0.05) effect of the IP administration sequence – there was no effect of drug administration period, and there was no pairwise period × drug interaction (see Table 3).Blood drug concentration, mU/mL
Time, min

Cerezyme®


Glurazyme®


[image: ]
Fig. 2. Averaged pharmacokinetic curves after administration of the investigational and reference products (for healthy volunteers of the 1st and 2nd groups). Error bar  shows 95% confidence interval
Table 3. Comparison results of investigational and reference products various pharmacokinetic parameter
Pharmacokinetic parameter
Glurazyme®, M ± SD
Cerezyme®, M ± SD
p (interaction
period × drug)
90% confidence interval for the ratio of 2 products parameters, %
AUC0–t, mU × min/mL
4056.0 ± 818.4
4610.2 ± 38.0
0.902
83.7–92.3
AUC0–∞, mU × min/mL
4111.65 ± 831.93
4686.34 ± 752.47
0.942
83.5–92.0
T1/2, min
7.1 ± 1.0
7.4 ± 1.0
0.160
92.4–98.2
Kel, min–1
0.10 ± 0.02
0.09 ± 0.01
0.170
102.0–108.8
Cmax, mU/mL
84.3 ± 16.9
98.0 ± 16.7
0.704
80.2–91.8
Cmax /AUC0–∞, min–1
0.021 ± 0.001
0.021 ± 0.001
0.184
96.0–100.2
Cl, mL/(kg × min)
7.58 ± 1.54
6.57 ± 1.15
0.843
109.6–121.1
Vd, mL/kg
76.31 ± 13.78
69.72 ± 11.69
0.262
104.6–114.3
Vss, mL/kg
128.50 ± 25.79
120.00 ± 23.76
0.660
100.7–113.5
MRT, min
17.06 ± 1.60
18.20 ± 1.74
0.105
91.3–96.2


For all studied pharmacokinetic parameters, 90% CI for the ratio between the IP and RP falls within the recommended range from 80 to 125%, which makes it possible to draw a conclusion of pharmacokinetic equivalence of these drugs (see Fig. 2).
After administration of the IP at a dose of 60 U/kg, the mean values of AUC0–t amounted to 12,774.3 ± 2646.9 mU × min/ml, AUC0–∞ – 13,455.8 ± 2948.7 mU × min/ml, T1/2 – 10.3 ± 1.7 min, Cl – 4.6 ± 1.0 kg × min, Vd – 67.4 ± 7.1 ml/kg.   Mean value of the maximum concentration Cmax after administration of Glurazyme® at a dose of 60 U/kg was attained 60 minutes after the start of administration, which corresponded to the duration of infusion and amounted to 270.3 ± 59.6 mU/ml. An increase in the mean blood plasma IP concentration value with an increase in the dose of the drug administered was obtained by comparing the averaged pharmacokinetic curves for various doses of Glurazyme® – 30 and 60 U/kg (Fig. 3).                 Blood drug concentration, mU/mL
Time, min
Glurazyme® (30 U/kg)
Glurazyme® (60 U/kg)
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Fig. 3. Averaged pharmacokinetic curves after administration of the investigational product at doses of 30 and 60 U/kg. Error bar shows 95% confidence interval

The study showed a non-linear dependence of the main pharmacokinetic parameters on the IP dose administered
(30 or 60 U/kg), since the AUC0–t, AUC0–∞, and Cmax exponent was in the range from 1.5 to 2.0 (p <0.001).
Safety Assessment. In total, 6 AEs were reported in the study, 4 (66.7%) of them occurred after administration of the IP and 2 – after administration of the RP. Of the 6 AEs registered in this study, 4 (66.7%) had a dubious relation to the IP, 2 (33.3%) – a possible relation to the RP. The 3 AEs registered after administration of the IP were mild (hyperkalemia, decreased haemoglobin, diarrhoea) and 1 was moderate (hyperkalemia). The 2 AEs observed after administration of the RP (hypotension and increased eosinophil count) were mild. No serious or severe AEs were reported in this study. Most AEs (3 out of 4) after administration of the IP were laboratory-reported, which makes up 75% of all AEs after administration of the IP.
The analysis using Fisher’s exact test did not reveal any statistically significant difference between the arms in terms of association between the AEs and intake of the IP or RP
(p = 0.067) (Table 4).
A comparative analysis between the drugs found no statistically significant difference in the proportion of healthy volunteers who had deviations from the reference values in the complete blood cell count or biochemical blood test (p >0.05). No clinically significant deviations from the urinalysis reference values were observed after administration of the IP or RP.Table 4. Comparative characteristics of adverse events
Adverse event
Glurazyme®
Cerezyme®
p (Fisher test)

n
Relation to drug administration
n
Relation to drug administration


Hyperkalemia
2
Unlikely
0
0
0.067

Hemoglobin level decreased
1
Unlikely
0
0


Diarrhea
1
Unlikely
0
0


Arterial hypotension
0
0
1
Possible


Eosinophils number increased
0
0
1
Possible


Total, n (%)
4/4 (100)
2/2 (100)



Analysis of the obtained data did not find any statistically significant differences in terms of the SBP, DBP, HR, respiratory rate, or body temperature in the healthy volunteers after administration of IP or RP. A comparative assessment of the vital function parameter dynamics in healthy volunteers between different doses of the IP (30 or 60 U/kg) showed statistically significant differences in terms of SBP (p <0.001), DBP (p = 0.001), and respiratory rate (p = 0.031). In this case, the individual SBP values in most measurement periods did not exceed 120 mm Hg. Individual DBP values after administration of Glurazyme® at a dose of 30 or 60 U/kg ranged from 60 to 80 mm Hg at all visits.
Discussion
The results obtained in the course of this comparative clinical study make it possible to draw a conclusion that the IP and RP are characterised by a high degree of comparability of all pharmacokinetic parameters. The individual and averaged profiles of the pharmacokinetic curves of the IP and RP are similar at all measured time points.
A comparison of the averaged pharmacokinetic curves for various doses of Glurazyme® – 30 and 60 U/kg showed an increase in the mean blood plasma IP concentration value with an increase in the dose of the drug administered.
The study showed a non-linear dependence of the main pharmacokinetic parameters on the IP dose administered
(30 or 60 U/kg).
The calculated 90% CI for the ratio of the pharmacokinetic parameters of the two drugs lies within the allowable range from 80 to 125% for all the studied pharmacokinetic parameters.
No AEs (adverse reactions) associated with the use of the drug were reported for the IP. A comparative analysis of safety parameters in this study (frequency and severity of AEs, physical examination of healthy volunteers with an assessment of vital signs, laboratory test results, electrocardiography) did not reveal any differences between the arms.
Conclusion
•	The results of the Phase I clinical study indicate pharmacokinetic equivalence of the biosimilar drug Glurazyme® and Cerezyme® at a dose of 30 U/kg.
•	The study showed a non-linear dependence of the main pharmacokinetic parameters on the dose of Glurazyme® administered (30 or 60 U/kg).
•	A single administration of Glurazyme® at the studied doses is safe in healthy volunteers and is not accompanied by the development of adverse reactions. A comparative analysis of the studied safety parameters did not reveal any differences between the arms.
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