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The low prevalence of rare diseases makes the development of orphan drugs economically 
not attractive. However, the introduction of regulatory incentives has prompted the 
development of orphan drugs and led to a dramatic increase in the number of approved 
drugs during the last decades. The access to these medicines is a challenge in most countries, 
especially in low- and middle-income countries (LMiCs). in addition, many rare diseases 
lack treatment, with only 4% of rare diseases having specific drugs available.

in this introduction, we have highlighted the main challenges for access to orphan drugs 
and their availability1. Several solutions were suggested to overcome these challenges. in 
the subsequent chapters, alternative approaches to improve access to orphan drugs were 
explored; in addition, we have involved in the drug development for an ultra-rare disease 
(Niemann-Pick disease type b) that lacks the treatment to enable treatment availability of 
this disease.

1. Rare diseases and orphan drugs

by definition, a rare disease is a disorder or condition affecting a small number of individuals 
[1]. Although the incidence of specific rare diseases is low, the number of diseases is high. 
There are more than 7,000 known rare diseases, of which 80% are genetic in origin and thus 
genetic mutation presents throughout an individual’s entire life [2, 3]. Most rare diseases 
are difficult to diagnose and because the average doctor will hardly ever see a single patient 
with a rare disease, it takes often years before treatment is initiated [10]. in Europe, 40% of 
patients with rare diseases are misdiagnosed at least once and it takes on average 4.8 years 
from symptom onset to accurate diagnosis [5]. Due to the clinical diversity of diseases, they 
are classified into 33 groups (116 subgroups) such as inborn errors of metabolism, rare 
cardiac diseases, rare neurological diseases, rare immunological diseases, rare tumours, and 
rare genetic diseases [6]. Of the total world population – 7.5 billion – the number of patients 
with rare diseases is approximately 350 million to 400 million, implying an average global 
prevalence of five per cent [7–10]. Children represent one-half to two-thirds of the affected 
individuals, and 30% of them die before the age of five, most often due to inborn errors of 
metabolism [11–13].

in 1983, the Orphan Drug Act (ODA) was introduced in the United States as the first 
legal mechanism to promote the development of drugs for rare diseases [14]. in the United 
States, a rare disease affects fewer than 200,000 people [1]. in the European Union (EU), the 
orphan regulation was implemented in 2000 and it defines a rare disease as a life-threatening 
or chronic debilitating condition with a prevalence of less than 5 in 10,000 [15, 16]. 

1  Availability means that there is an orphan drug available for treatment of a rare disease.
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before the introduction of orphan drug regulations (ODRs), only 10 and 23 drugs 
were authorized in the United states and European Union, respectively that would be 
considered as orphan drugs under the current regulations [17, 18]. The introduction of 
ODRs have provided the support for developers of orphan drug through sets of incentives. 
For example, in the United States, the main incentive is a 7-year marketing exclusivity after 
approval by the Food and Drug Administration (FDA), which may be extended with 6 
months if a paediatric study is provided [19]. in addition, the other incentives include a 
refundable tax credit equal to 50% of eligible clinical development expenses, waiver of user 
fees, planning assistance in drug development, and financial grants for research [20]. The 
European Medicine Agency (EMA) gives the orphan drugs a marketing exclusivity for 
10 years plus 2 additional years for a paediatric study [21]. Also, the EMA offers access 
to the centralised authorisation procedure and reduced fees for regulatory activities such 
as protocol assistance, marketing-authorisation application, and inspection [22]. The 
European Commission and other European institutions provide financial support for 
developers of orphan drugs depending on company’s size [22, 23].

These efforts have generated hundreds of therapeutic options and improve the quality 
of life for many patients with rare diseases. From the introduction of ODRs and up to 2015, 
a total of 415 and 133 orphan drugs were approved by the FDA and EMA, respectively 
[24]. The regulatory incentives have played a major role in this success. However, from the 
perspective of global access to orphan drugs and their availability, there are unmet needs. 
in the United States, which has the highest number of approved orphan drugs a total of 300 
rare conditions are treated by approved orphan drugs which represents only four per cent 
of 7,000 rare diseases [24]. Therefore, most (96%) rare diseases still have no treatment and 
thus require extra efforts and pave new pathways to provide therapeutic options for patients 
affected with these diseases.

2. Accessibility of orphan drugs

2.1. Main determining factors
The level of access to orphan drugs differs between countries due to several reasons. in 
general, it is dependent on three major factors: drug pricing, assessment method of new 
health intervention, and the system of health coverage [25, 26].

The pricing of orphan drugs is a limiting factor in the access due to their high prices 
[27]. in 2017, the average annual treatment cost with orphan drugs was $147,308 compared 
to $30,708 for non-orphan drugs [28–32]. between countries, different pricing approaches 
are used such as external reference pricing, internal reference pricing, value-based pricing, 
and negotiations [33]. As a result, the prices of orphan drugs vary among countries. For 
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example, the price analysis of orphan drugs in six European countries showed that the 
highest and lowest average prices were found in France and Norway at ratios of 1.13 and 
0.88 respectively with a difference of 28%[34]. in an effort to reduce the prices of orphan 
drugs, belgium and the Netherlands have teamed up to gain a negotiation power with 
pharmaceutical companies [35]. Lowering the prices will improve the purchasing power 
and depressing the pressure on healthcare budget, which are strained by continuous 
increases in prices. in the United States, the share of orphan drug expenditure to total drug 
expenditure increased from 4.8% to 8.9% between 2007 and 2014; and in five European 
countries, a similar pattern was observed, increasing on average from less than 2% to 4.6% 
between 2007 and 2016 [26, 34, 36, 37]. The mean treatment cost per patient increased 
by 23% – from $120,382 in 2013 to $147,308 in 2017 with compound annual growth rate 
(CAGR) of 5.2% (Figure 1) [32]. The worldwide orphan drug expenditure was 12.1% of 
total drug expenditure in 2013, and it is expected to reach 21.7% by 2024 with a CAGR 
of 11.3% (Figure 1) [32]. This continuous growth of orphan drug expenditure pose a 
significant challenge in sustaining appropriate health care for patients with rare diseases 
[38, 39]. Therefore, the prices of orphan drugs should be carefully set after comprehensive 
assessment using suitable approaches.

Figure 1: Mean cost per patient ($) and percentage of orphan drug expenditure-to-total drug expenditure 
(worldwide) per year from 2013 to 2024. The data from 2018 to 2014 are estimated based on percentage 
of compound annual growth rate (%CAGR) of 5.2% and 11.3% for Average treatment cost ($) for 
orphan drugs and percentage of orphan drug expenditure-to-total drug expenditure, respectively [32].
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Another important factor is the assessment method for acceptance of new health 
interventions such as health technology assessment (HTA) that is commonly used [40–42]. 
Several aspects are considered during the HTA such as social, economic, organisational, 
and ethical issues [41, 42]. The HTA determines the reimbursement for orphan drugs 
which is highly differed between countries [25, 26]. For example, 27% and 88% of orphan 
drugs were reimbursed in Poland and Denmark, respectively [33]. 

The incremental cost-effectiveness ratio is the most common measure in the HTA and it is 
generally calculated using cost–effectiveness analysis or cost–utility analysis, and expressed 
as incremental cost-per-life year gained or cost-per-incremental gain in the quality adjusted 
life year (QALY), respectively [43]. The cost-effectiveness thresholds (CETs), either explicit 
or implicit, in the United States, Netherlands, Japan, United Kingdom, brazil, and Poland 
are $100,000, $90,732, $75,000, $39,160, $27,620, and $19,006 per QALY, respectively [44–
47]. However, these thresholds are not always applied for acceptance of health intervention 
for orphan drugs especially drugs for ultra-rare diseases because of their high prices [48]. 

As per 2016, the average treatment cost for rare diseases with prevalence of ≤ 50 to > 1 in 
100,000 was $72,414, compared to $248,484 for ultra-rare diseases with a prevalence of ≤ 1 in 
100,000 [49]. After debates, the National institute for Health and Care Excellence in the United 
Kingdom has changed the threshold for ultra-rare diseases from $130,535 to $391,604 per 
QALY [44]. The CET is set based on specific criteria, like the gross domestic product (GDP) 
per capita. The World Health Organization (WHO) recommends to use one-to-three times 
the GDP per capita to determine the threshold [45, 50, 51], which explains the large variation 
in the threshold in various countries. An analysis of 381 studies on the health interventions in 
the LMiCs showed that 66% of studies followed GDP-based method [52]. Even when different 
methods to set CETs were used, an exponential correlation between the CETs and GDP per 
capita were observed in seventeen countries with middle- to high-incomes [45]. 

Since most patients will not be able to cover the high treatment expenses of orphan 
drugs (out-of-pocket), access to treatment is also highly dependent of the national health 
coverage systems. The coverage is often offered by public or private health insurance and 
reimbursement dependent on the decision of HTA [25, 26]. The level of coverage differs 
between countries, from full coverage in many European countries such as Netherlands, 
Poland, and Spain to patient cost-sharing in other countries such as the United States, 
Canada and Switzerland [25, 26]. in Japan, an interesting health coverage strategy in which 
government (70%) and insurance companies (30%), share the costs [25]. in LMiCs, the 
healthcare is largely covered by government (30%-57%) and individuals (30%-48%) with 
a very limited role for health insurance companies (1%-25%) unlike the high income 
countries where government, individuals, and health insurance companies cover 22%, 14%, 
and 40%, respectively [53]. High out-of-pocket expenses influence the access of patients 
especially in the case of high-priced orphan drugs. 
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2.2. Limitations in low- and middle-income countries
Considering the different factors that determine the access to orphan drugs, it is no surprise 
there is a problem in most LMiCs. According to the World bank, 732 million and 5.6 billion 
people live in 34 low-income countries and 109 middle-income countries respectively, 
which represents 85% of the world population [54, 55]. based on the global prevalence 
(5%), the estimated number of patients with rare diseases in LMiCs is 317 million. The 
prevalence of rare diseases reported in india, China and brazil are 72, 16, and 15 million 
[56–58]. in most LMiCs, there are no reliable estimates of the rare disease burden due to a 
lack of diagnostic facilities and expertise, and poor awareness.[25, 59, 60]. 

Another issue in the LMiCs is the limited GDP, since it influences the level of CET 
[61, 62]. According to the World bank, in 2015 the average GDPs per capita in purchasing 
power parity (PPP) (international dollars2) were $2,035, $10,913, and $39,134 for low-, 
middle-, and high-income countries respectively [54, 55, 65]. As a result, numerous orphan 
drugs that are cost-effective in high-income countries fail to be in LMiCs. The data on 
access in LMiCs are scarce. in any case, many patients have used litigation to gain access to 
treatment. For example, eighty-seven per cent of patients with mucopolysaccharidosis type 
i (a rare disease) in brazil have received the treatment through lawsuits, and similar cases 
were reported in india [66–69].

Lastly, the health coverages in most LMiCs is highly associated with the low health 
expenditures. According to the World bank, the average health expenditures per capita in 
PPP (international dollars) in 2015 were $98 (4.8%), $560 (5.1%), and $5,280 (13.5%) for 
low-, middle-, and high-income countries respectively (Figure 2) [54, 55, 65]. The low health 
spending in LMiCs is constrained by the low GDP, which leads to high individual’s co-
payment for health care. According to the World bank, the average out-of-pocket payments 
in 2015 were 44.2%, 36.5%, and 13.5% in low-, middle-, and high-income countries, 
respectively (Figure 2) [54, 55, 65]. Given that the purchasing power of individuals in 
LMiCs is very limited and the prices of orphan drugs are high, most patients seek to cover 
out-of-pocket health expenses by the support of non-governmental organisations, patient 
foundations, and charitable organisations [25, 70].

2  international dollar is used to avoid price differences “market exchange rates” for an accurate 
comparison among countries with different incomes; and this effect is known as “Penn effect” [63]. 
To convert international dollars to local currency units, multiply the international dollar figure by 
the PPP exchange rate for the year where data collected [64].
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Figure 2: The gross domestic product (GDP) in purchasing power parity (PPP), percentage of health 
expenditure-to-GDP per capita in PPP, and percentage of out-of-pocket health expenditure in the 
low-, middle-, and high-income countries, as per 2015. All data were collected from the World bank 
[54, 55, 65].

2.3. Potential solutions to improve access to orphan drugs

2.3.1.	General	solutions
The mechanism of access to orphan drugs was summarized based on the major factors, 
used approaches and main outcomes that were discussed earlier (Figure 3). The access to 
orphan drugs can be improved through different strategies. As discussed previously, the 
GDP per capita influences the setting of CETs either directly or indirectly. This factor is 
dependent on the economic and social progress for each country and difficult to predict. 
Therefore, the WHO recommends to use the GDP with consideration to the disease burden 
and budget setting especially in LMiCs during HTA [45, 50, 51]. 

Also, knowing a disease burden helps to determine the QALYs or disability-adjusted life 
years as basis of the cost-effectiveness analysis or cost-utility analysis; in addition, gaining a 
negotiation power during pricing. Most LMiCs, including those with large populations such 
as indonesia and Pakistan, lack the policies for rare diseases that can increase awareness 
and improve diagnosis leading to knowing burden of diseases [25, 60, 70, 71].
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Figure 3: Summary of patient’s access mechanism to orphan drugs in majority of low-, middle-, and 
high- income countries. GDP: gross domestic product.

in addition, LMiCs have low health expenditures per capita inversely correlated with the 
patient cost-sharing (Figure 2). Therefore, increasing the health expenditures to improve 
the coverage levels would impact the access to orphan drugs; also, considering specific 
funding to cover the patient cost-sharing is highly recommended due to the low purchasing 
power of individuals in LMiCs.

2.3.2.	Alternative	approaches

2.3.2.1.	Bedside	production	approach	for	off-patent	orphan	drugs
The drug price is an overriding factor in the access to orphan drugs. The introduction of 
generic or biosimilar competitors to orphan drugs, after ending of orphan designations or 
patents, can decrease prices. For example, the average price reduction due to introduction 
of biosimilars is 27% of the originator product price [72]. This reduction could be sufficient 
to improve access in some countries. However, many off-patent orphan drugs have no 
alternatives, which could be related to competition challenges in a small market. Out of 
total 503 orphan drugs approved by FDA, there are 101 off-patent drugs have no generic or 
biosimilar competitors [73]. 
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For these drugs, bedside (magistral) production could be a feasible approach to provide 
alternative versions at lower cost for the patients who can’t access the commercial versions. 
Magistral drug production is a small-scale production that can serve small group of patients 
at point-of-care based on needs and demands. Advancements in single-use technology and 
continuous bioprocessing have made drug production on small scales more cost-effective 
[74, 75]. For example, the required space and capital cost for production of a biological 
drug on a 2000 L scale can be reduced to 45% and 67%, respectively, when using single-use 
facilities instead of traditional stainless-steel facilities [74, 75]. in addition, production on-
site will cut the required costs for distribution and marketing channels. These reduction in 
production costs may lead to lower treatment cost.

However, the economic and technical feasibilities of this approach need to be investigated 
to determine its ability to provide affordable versions for off-patent orphan drugs. Several 
biological drugs, that are off-patent and have no commercial competitors, were selected for 
pilot program to study the feasibility of approach.

From these drugs, Myozyme® was selected to study the economic feasibility which was 
approved by EMA and FDA in 2006 and costs $401,452 per annum [76–78]. Myozyme® is 
a recombinant human acid alpha-glucosidase (rhGAA) that is used to treat Pompe disease 
which is caused by mutations in the GAA gene [79]. These mutations result in mRNA 
instability and/or truncated acid alpha-glucosidase (GAA), leading to a significant decrease 
in enzymatic activity of GAA [79]. As a result, the glycogen is accumulated in lysosomes 
causing progressive muscle weakness and heart disorders [79]. 

Performing a small-scale production of rhGAA and compare the production cost 
with the current treatment cost using Myozyme® could give an indication for the ability of 
bedside production to provide affordable versions of off-patent orphan drugs.

2.3.2.2.	Drug	pricing	approach	based	on	development	cost
The prices of orphan drugs are often correlated with disease prevalence. The average 
treatment cost for rare diseases with a prevalence of ≤ 50 to > 1 per 100,000 is $72,414; 
however, the average cost for ultra-rare diseases with a prevalence of ≤ 1 per 100,000 is 
$248,484 [49]. Setting high prices is often justified to enable recouping of development 
costs and generating profits from small pool of patients [80, 81].

Different pricing approaches are used such as internal/external pricing, value-based 
approach and negotiations. However, the limited access to the orphan drugs due to high prices 
requires employing other pricing approaches that can assist in setting an appropriate price to 
ensure fair access of patients to these drugs and benefit of manufacturers, without hurting the 
innovation in drug development. The cost-based approach employing rate of return model 
was suggested by Fellows et al to be used for the drugs that do not meet the CETs; also, similar 
approach was suggested by berdud et al [82, 83]. This approach can be a useful tool to establish 
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a benchmark price level during pricing of orphan drugs. However, adopting such approach 
requires an analysis of financial performance of orphan drugs to investigate their ability of 
recouping of investment and generating profits from small pool of patients.

3. Availability of orphan drugs

3.1. Challenges in drug development
The regulatory incentives have boosted the development of orphan drugs that were 
considered by manufacturers as financially infeasible. Since the first incentives by ODA in 
1983, the flow of orphan drugs has increased to reach 415 and 133 approved drugs by the 
FDA and EMA, respectively, as per 2015 [24]. Notwithstanding of all the financial and non-
financial incentives, only 4% of rare diseases have specific drugs as discussed previously. 
This low coverage can be explained by several reasons. 

Firstly, the high number of rare diseases implies a herculean effort to provide treatment 
for them all. Usually it takes 11-12 years from discovery till launch of a commercial drug 
into market [84]. From 1983 to 2015, 415 orphan drugs were approved given an annual 
approval rate of 13 orphan drugs per year (415 drug/32 years). Therefore, it will take 538 
years to provide drugs for 7,000 rare diseases without considering that many of these 
diseases might not be druggable at all [24]. The best-case scenario is taking the rate of the 
last ten years (2008-2017) which showed higher annual approval rate at 35 orphan drugs 
per year (351 drugs/10 years) [85]. Similar rates were observed for new molecular entities 
at 30 drugs per year for the period 2000 to 2010 [86]. Therefore, it is expected to take at 
least 200 years to offer therapeutic solutions for all rare diseases, on the condition that the 
number of rare diseases will not increase substantially.

Secondly, low prevalence of diseases leads to low numbers of patients available for 
clinical trials. This is a common issue with rare diseases that drug developers face during 
clinical trials. Finding the suitable number of appropriate patients leads to challenges in 
the study design and appropriate biostatistical methods [87, 88]. Therefore, the clinical 
development can be a determining factor for feasibility of drug development.

Thirdly, ultra-rare diseases represent the majority of rare diseases. From 855 rare diseases 
with known prevalence, 41% have a prevalence of 1 or less per 100,000 people which can 
be classified as ultra-rare diseases (Figure 4) [89]. However, only 33 drugs (6.8%) from the 
approved orphan drugs by FDA were for ultra-rare diseases [90]. This shows that the drug 
developers prefer high prevalence rare diseases rather than ultra-rare diseases. The problems 
of clinical development, as discussed in the previous paragraph, are more complicated with 
ultra-rare diseases. in addition, there are challenges regarding reimbursement decisions 
since the ultra-orphan drugs are often introduced at very high prices with an average of 
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$248,484 per year, which mayn’t meet the cost-effectiveness thresholds in most countries 
[45, 49]. For example, Glybera (the first gene therapy) came at a cost of $1.2 million, which 
is used for an ultra-rare disease; however, the reimbursement was rejected in France and 
Germany due to the insufficient clinical benefit which led to poor financial performance 
and resulted in withdrawal of the product from the market [91–93].

Figure 4: Distribution of 855 rare diseases based on the estimated prevalence [88].

Lastly, rarity of these diseases is also associated with lack of pathological and epidemiological 
data [94]. For example, searching in PubMed, as per March 2019, for the term rare disease, 
brain disease, heart disease, liver disease, or eye disease leads to 241541, 1321847, 1258292, 
677205, or 570563 hits, respectively which is rather limited considering the clinical diversity 
of the estimated 7000 rare diseases. in addition, the information of genetic mutations 
is only available for half of rare diseases (4,148) [95]. The prevalence and/or incidence 
date are only available for 1,217 rare diseases; while there are case reports for 3,148 rare 
diseases [89]. Absence of these data hampers the ability to diagnose and to develop drugs. 
Different funding programs are provided by governments and agencies such as European 
Commission programs (framework program 7&6 (FP 6&7) and Horizon 2020) that have 
funded 200 research programs and the National institutes of Health (NiH) providing 
$4.6 billion in 2017 [96, 97]. These funding programs have boosted the research and drug 
development for some rare diseases [98]. However, more efforts are still needed given the 
high number of rare disease.
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3.2. Potential solutions to improve orphan drug development

3.2.1.	General	solutions
The aforementioned challenges could be overcome with different approaches to improve 
the low availability of orphan drugs, as follows:
• The difficulties in performing clinical trials due to low number of patients may be 

overcome by a collaborative approach to perform multi-arm and multi-company trials. 
This approach can reduce the total number of patients needed when performed in 
separate trials. The FDA has suggested this approach to improve the efficiency of drug 
development for rare diseases and overcome the limited number of patients [99].

• Some rare diseases, especially ultra-rare diseases, may not be feasible for drug 
development with the current pharmaceutical business model due to financial reasons. 
Considering that the regulatory incentives were not sufficient to encourage the 
companies; therefore, these diseases require an alternative development model that is 
driven by the needs rather than profits. For example, a collaborative drug development 
approach that is based on sharing benefits and risks between countries that have high 
burden of same disease.

• Many rare diseases lack research data which hamper development of drugs for these 
diseases. Research contribution in the development of orphan drugs would enrich 
knowledge needed for early research and drug discovery phase. Many programs for rare 
diseases research are funded by NiH and European Commission, in which academia 
has the highest funding by European Commission showing its substantial role [98]. 
However, more efforts and projects are still needed from all relative organizations to 
cover knowledge gaps for many rare diseases.

3.2.2.	Contribution	in	the	drug	development	for	ultra-rare	disease
in collaboration with Amsterdam Medical Center (Amsterdam, The Netherlands) which is 
the center for Niemann-Pick disease type b in The Netherlands, we contributed in the drug 
development for this disease that currently lacks effective medication.

Niemann-Pick disease (NPD) has three types which are A, b and C; however, the causes 
and symptoms are different. The NPD types A and b are lysosomal storage diseases that are 
caused by specific mutations in the SMPD1 gene that encodes acid sphingomyelinase (ASM) 
which is responsible for the breakdown of sphingomyelin to ceramide and phosphocholine 
[100, 101]. These mutations lead to deficiency of ASM and accumulation of sphingomyelin 
in the lysosomes of cells, particularly the macrophages of the liver, spleen and lung [100, 
101]. However, NPD type C is caused by mutations in the NPC1 or NPC2 gene leading to a 
defect in the intracellular transport of low-density lipoprotein, causing the accumulation of 
cholesterol, glycosphingolipids, phospholipids and sphingomyelin in the spleen, liver and 
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central nervous system [102, 103]. The NPD types A and b have a combined prevalence of 1 
in 250,000 and therefore they are considered ultra-rare diseases [101, 104]. There are some 
common clinical manifestations for both NPD types A and b such as hepatosplenomegaly; 
however, there is a rapid progression of neurodegenerative diseases with NPD type A, 
unlike type b that has little or no neurological involvement [100, 105]. 

both diseases have no treatment available; however, an investigational drug (olipudase 
alfa) for NPD type b is under development which is a recombinant human ASM (rhASM) 
[106]. During a preclinical study of olipudase alfa, several adverse effects were observed 
in mice due to extracellular degradation of sphingomyelin by rhASM into ceramide, 
which acts as a signaling intermediary for stimulating cytokine release and cell apoptosis 
[107]. Using a delivery system could prevent or minimize the extracellular degradation of 
sphingomyelin and provide a safer intervention for this ultra-rare disease.

4. Research Objectives

in this chapter, the challenges in the access to orphan drugs and their availability were 
discussed. Potential solutions were suggested to overcome these challenges. in addition, 
three objectives were elaborated to improve the access to orphan drugs and enabling the 
treatment availability for an ultra-rare disease that lacks the treatment, as follows:
• introduce the bedside production to provide affordable versions of off-patent orphan 

drugs that can’t be accessed by patients. in addition, explore its economic feasibility 
through small-scale production of rhGAA and compare the production cost with the 
cost of commercial version “Myozyme®”. 

• investigate the financial performance of selected orphan drugs since high prices are 
often justified to enable recouping of development costs and generating profits from 
small pool of patients. This analysis will give an indication for the suitability of using a 
cost-based approach as a pricing tool for the drugs that don’t meet CETs.

• Contribute in the drug development for Niemann-Pick disease type b (ultra-rare 
disease) that lacks effective medication through developing a delivery system for an 
investigational drug “olipudase alfa” to prevent or minimize the extracellular degra-
dation of sphingomyelin that showed to cause systemic toxicity in vivo at high doses 
leading to side effects and limitations in maximum tolerated dose.
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5. Outline of this thesis

improving the access to orphan drugs were suggested through two approaches that will 
be explored in the first and second parts of thesis. in addition, contribution in the drug 
development for Niemann-Pick disease type b will be covered in the last part of the thesis 
to enable treatment availability for this disease.

The first part of this thesis will present the bedside drug production approach and 
investigate its economic feasibility. in chapter 2, the concept and importance of the bedside 
“magistral” drug production” approach will be introduced. The suitability of this approach to 
overcome the current regulatory and economic challenges will be also discussed. in chapter 
3, the economic feasibility of this approach will be investigated through the small-scale 
production of rhGAA. The production costs for implementing this approach in a hospital 
pharmacy setting will be estimated and compared to the treatment cost using Myozyme®. 

The second part of thesis will investigate the financial performance of 16 orphan to 
give an indication for the suitability of using cost-based approach as additional tool during 
pricing of orphan drugs. in the chapter 4, the development costs of selected orphan drugs 
and their profits will be collected and analyzed. The ability of orphan drugs to recoup of 
investment and generate profits will be investigated.

The last part of thesis will present the drug development for Niemann-Pick disease type 
b (ultra-rare disease) that lacks the treatment. Olipudase alfa (recombinant human acid 
sphingomyelinase, rhASM) is an investigational drug that showed to cause systemic toxicity 
in vivo at high doses which narrows the therapeutic window [101, 104, 107]. Therefore, a 
liposomal rhASM will be developed to provide a better intervention than free rhASM. in 
chapter 5, the appropriate host cells for the transient expression of rhASM will be explored. 
Chapter 6 will present the production and loading of rhASM in different liposomal 
formulations.

Finally, chapter 7 will summarize the results and give perspectives on the feasibility of 
bedside production for off-patent orphan drugs, recommendations for cost-based pricing 
approach based on findings for the financial performance of orphan drugs and suggestions 
for the next development phase for liposomal rhASM based on in vitro data.
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Precision (or personalized) medicine promises to improve the efficacy and safety of 
pharmacotherapy for individual patients. but the truth is that precision medicine today 
is not tailored to individual patients; it is tailored to groups of patients. Precision drugs 
are tested on groups of patients that share a disease marker but other differences among 
patients are not taken into consideration. Once approved, the medicines produced on a 
bulk scale are prescribed to patients that share the disease marker specified on the drug’s 
label. built on the twentieth century drug development model, today’s precision drugs still 
require the building of a robust intellectual property position, the negotiation of a complex 
and stringent regulatory system, and the application of twentieth century manufacturing 
models, all of which inflate drug prices and prolong product development times.

We contend that technological advances now enable both bedside development and 
magistral drug production as an affordable, safe and flexible alternative for treating patients with 
individually tailored biopharmaceuticals. As this magistral model is overseen by a physician 
for individual patients under their care, it is only minimally regulated. This means magisterial 
drugs dispense with the need for protracted marketing authorization, dramatically reducing 
development times and costs. Here, we outline the challenges inherent in the current model for 
precision medicine and propose a new model based on the magistral system that can meet the 
demands of twenty-first century individualized patient care. Although many questions remain 
unanswered about the pros and cons of bedside drug production, we hope that this Commentary 
will stimulate vigorous debate and new thinking about this alternative way of making drugs.

1. Vision and reality

in recent years, the average clinical effect of new drugs has been steadily declining [1], 
notwithstanding the introduction of breakthrough medicines against hepatitis C and 
numerous rare diseases and cancers. Moreover, for the majority of disorders, drugs continue 
to be ineffective in a large proportion of patients, while they cause side effects in all patients, 
including those who do not respond (e.g., ref. 2). The number of patients benefitting from 
pharmaceutical treatment should be balanced against the patients suffering from serious 
adverse drug reactions. in the United Kingdom, 6% of all hospital admissions were reported 
to be caused by side effects of drugs [3]. 

Precision medicine has been touted as a way to improve the efficacy and reduce the 
adverse effects of pharmaceuticals [4]. it is defined by the international Society for 
Pharmacoeconomics and Outcomes Research (iSPOR; Lawrenceville, NJ, USA) as “the use 
of genetic or other biomarker information to improve the safety, effectiveness, and health 
outcomes of patients via more efficiently targeted risk stratification, prevention, and tailored 
medication and treatment-management approaches” [5].
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in his 2015 State of the Union address, US President barack Obama unveiled the Precision 
Medicine initiative, which has a goal of galvanizing the accrual of data from a million 
patients to move the concept of precision medicine into every day clinical practice (https://
obamawhite-house.archives.gov/precision-medicine). Under the umbrella of this 
initiative, the US government allocated $215 million in 2016, mainly to the US National 
institutes of Health and the US National Cancer institute, to expand research into the 
pathogenesis of cancer, standardize data collection and promote private-public partner-
ships. President Obama and other proponents of personalized medicine promised it would 
not only optimize treatment of individual patients, but also stimulate the economy, optimize 
the involvement of patients in their treatment and save healthcare dollars [6].

All this belies the reality of the commercial development of precision medicine, which 
has been heralded for decades, but is only slowly making an impact on patient care. Since 
the completion of the first draft of the human genome sequence in 2001, we have witnessed 
approval of only a handful of personalized treatments [7]. indeed, the development of new 
drugs based on what is known of the molecular mechanisms of disease has proceeded at a 
glacial pace [8-10]. The slow progress in precision medicine is attributable to several factors.

First, for a long time, there was little economic impetus for industry to market drugs 
solely to responders when its existing pharmacoeconomic models incentivized companies 
to sell as much drug to as many patients as possible, regardless of whether those receiving 
medication were responders or non-responders. by definition, commercial drug 
development is driven by the profit incentive as much as by whether patients fail to respond 
to a therapy (although now these pharmacoeconomics are changing as regulators and payers 
increasingly demand efficacy in return for approval and reimbursement, respectively). 
Wastage is also driven by regulatory requirements that require drug package volumes of 
expensive intravenous therapies to be larger than needed for the treatment of an individual 
patient [11]. Second, there is a lack of standardization of the collection, storage and analysis 
of large amounts of genetic, serological, histological and population data to enable patient 
stratification in clinical practice. Third, there is an absolute scarcity of properly validated 
biomarkers and a glut of poorly validated biomarkers to sort through. And fourth, when 
a validated biomarker exists, few developers have the expertise and financial resources 
to develop both a companion genetic test and a new drug, either of which must navigate 
stringent and protracted regulatory oversight.

2. How regulation constrains individualized medicine

The twentieth century regulatory system for drug manufacturing and marketing 
authorization was introduced after the occurrence of a small number of major safety 
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incidents ascribed to drug industry products [12]. These comprehensive and detailed 
regulations cover all aspects of drug development and manufacture, and have had a major 
positive impact on the safety and quality of pharmaceuticals produced on a large scale. 
On the other hand, the many guidelines designed for twentieth century drugs have now 
become an obstacle for the development of twenty-first century precision medicines. Today, 
it takes years of research and development to collect the data necessary to submit a request 
for marketing authorization for precision drugs or any new drug. in addition, on average, 
it takes three years from submission of a new drug application to marketing of a drug [13]. 
These timelines are difficult to reconcile with the development of a medicine tailored to the 
individual needs of one patient. They are totally at odds, for example, with the development 
of targeted drugs to address a rapidly evolving malignancy in a cancer patient.

The submission and evaluation of a marketing authorization and the maintenance 
of good manufacturing practices (GMP) and auditing for bulk production demand vast 
resources from both the biopharma industry and the regulatory authorities. Even the largest 
companies can afford only a limited number of new drug submissions per year. The main 
target of the US Precision Medicine initiative is cancer. However, the number of new drugs 
needed to meet this ambition is daunting. The personalization of these drugs implies higher 
specificity—and higher specificity leads to an increase in resistance to therapy, which also 
will evolve in time. So precision therapy for a cancer patient is expected to consist of at least 
three different drugs for each individual. There are about 200 different cancers, and there 
are currently 250 cancer drugs available [14]. About 1,200 drugs are currently estimated 
to be in the pipeline. Assuming a combination of just three of these drugs, the possible 
permutations are > 280 million. Most of these combinations will make no clinical sense, 
of course, but even if corrected for unlikely combinations, it is clear that the number of 
combinations that require clinical testing, submission to the regulatory authorities and 
subsequent evaluation is beyond the means of both industry and regulating bodies. 

Perhaps the greatest disadvantage of the current outmoded regulatory approach is the 
forced lock-in of technology early during product development, which is contrary to the 
personalization of a product to an individual’s needs. Regulators expect the product and 
its use not to vary, especially during preclinical and clinical development. Any change in 
the product and the way it is applied may lead regulators to request repeat testing with the 
modified product, dosage and any other changed elements. These data are then the basis for 
new labeling of the product, which means individual adaptation of the use of the product in 
the context of precision medicine would be off-label use. This has potential legal, financial 
and administrative consequences. 
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Box 1: What are key safety issues for magistral biologics?

biologics (proteins, peptides and mAbs) as a whole have a good safety record. They 
mostly act on extracellular targets by binding to a specific receptor or ligand in the 
cell membrane. They are either excreted and/or catabolized into amino acids, sugars 
and other natural products and recycled. Unlike small molecules, which exert their 
toxicity intracellularly, the systemic adverse effects of biologics are most often the 
pharmacodynamic effects of the drug and therefore closely related to their potency 
[26,27]. This does not mean, however, that product safety can be assumed. One need 
only look at the CD28 superagonist mAb TGN1412, which led to life-threatening 
multiorgan failure in all six volunteers administered the drug during phase 1 testing. 
This incident led to a revision of the first-in-man trial principles with ascending doses 
and a low starting dose that also can applied for the dosing of patients with precision 
biologics [28].

immunogenicity is considered the main safety issue for biologics [29]. Nearly all 
the biologic products are immunogenic, although the incidence differs widely. Most 
biologics are copies of human proteins, and their immunogenicity is considered 
breaking tolerance. Aggregation has been identified as the cause of breaking b-cell 
tolerance. Aggregates occur in every protein therapeutic, but the amount and 
characteristics of aggregates necessary to break tolerance have not been established. it 
may be the result of the production process or the formulation, packaging, storing or 
handling of the protein product.

in general, immunogenicity leads to a transient, low level of binding antibodies 
with no clinical consequences. Sometimes a high level of neutralizing antibodies in 
the patient may lead to inhibition of product efficacy. The immunogenicity of some 
mAbs results in the formation of immune complexes, which may lead to transfusion 
reactions and serum sickness. if a biologic induces antibodies that cross-neutralize 
an endogenous factor in the patient, serious clinical consequences may ensue, as 
happened in the case of Eprex discussed above.

With the above factors in mind, potency and purity are the two factors 
most important in determining the safety of a biologic. These are, therefore, the 
characteristics that would need to be carefully controlled and tested in magistral 
production of a precision medicine.
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3. How economics holds back individualized medicine

According to some proponents, precision medicine will lead to a decrease in healthcare 
costs by increasing drug cost-effectiveness: fewer non-responders will receive needless 
treatments and medical procedures required to ameliorate side effects will also be reduced 
[15]. but this seems unlikely for several reasons.

in terms of healthcare economics as a whole, the main contributor to soaring costs 
is innovation in a market that is driven by what is offered, rather than by medical need 
[16]. There is no reason to expect this dynamic to change, despite the advent of precision 
medicine. if economics are driven by fee-for-service rather than by medical need, there is 
no reason why existing models of precision medicine would alter cost-effectiveness.

To illustrate this, one need only look at drug prices for recent drugs introduced for 
cancer and orphan indications. The highest price charged in the Netherlands is currently 
for Glybera (alipogene tiparvovec), a gene therapy against lipoprotein lipase deficiency, 
which costs €1.2 ($1.3) million per patient, despite its relatively meager clinical efficacy 
[17]. As mentioned above, precision medicines have only a very limited market in terms 
of patients. in current reimbursement systems based on perceived value of a treatment, the 
limited markets for precision or personalized drugs will be similar to molecularly targeted 
orphan indications like lipoprotein lipase deficiency. This will drive up drug prices, rather 
than reduce them. One need only look at the 50 ‘targeted’ drugs currently authorized by the 
US Food and Drug Administration (FDA), which cost between $70,000 and $130,000 per 
treatment cycle [14].

Given spiraling drug prices for precision medicines in our current healthcare systems, 
it is remarkable that the issue is not more widely acknowledged or seen as a hurdle for 
wide adoption of precision therapies. A search in PubMed (April 2017) using the term 
“personalized medicine” resulted in 36,029 hits. in contrast, the combination of the terms 
“personalized medicine” and “affordability” yielded only 19 hits. in the few papers discussing 
affordability and cost-effectiveness, several solutions are suggested with the common 
theme being better collaboration between the diagnostic and pharmaceutical companies, 
regulators, funding agencies, payers and patients [18,19]. However, it is difficult to imagine 
how such aspirational solutions will lead to cost control, considering the underlying causes 
of spiraling drug prices.
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4. Bedside or magistral production as a complement

it is becoming evident that the current pharmaceutical system is too complicated, too 
expensive and too inflexible to support medicine tailored to individual patients. innovative 
and creative new approaches and business models are necessary if we want sustainable 
healthcare that enables affordable individualized medicine for all.

One solution to the regulatory and economic challenges of precision medicine is to 
retool the development and production of drugs so they are as close as possible to the 
patient. There are several reasons why we believe our magistral model is a better fit for 
individualized medicine, healthcare economics and the future of patient care.

First, if a treatment occurs in the same legal entity as the production of a drug, no 
restrictive, expensive and time-consuming marketing authorization would be necessary. 
Such a scheme would combine healthcare provider and drug manufacturer into the same 
entity, increasing the incentive for drug pricing to be cost-effective.

Second, the magistral approach could be tested, compared and validated using existing 
approved drugs as a test case first and then expanded to test its utility in the discovery and 
development of new drug entities (Table 1). it may be that only certain types of new drugs—
perhaps biosimilar versions of existing drugs or drugs that existing commercial developers 
find less interesting because their markets are too small—would be suitable for magistral 
production. Whatever the case, removing the need for patent protection of the product 
and the requirement for regulatory oversight would radically reduce timelines for magistral 
drug development compared with industry’s timelines of 10–15 years.

Third, there is also the question of whether an academic center producing and 
administering a drug to an individual patient remains under patent protection and can 
be sued for patent infringement. in our view, it is unlikely that such litigation would be 
successful. in the patent legislation, there is an exemption for personal use that may be 
applicable for magistral production. Moreover, if a doctor or pharmacist ran bedside 
production with the possibility of producing a lifesaving drug for an individual patient, 
their professional duty to help might override any restriction by the patent legislation to 
produce and administer the drug.

Fourth, industry now has over a century of experience producing small molecules 
and a > 30-year track record producing recombinant replacement proteins, peptides 
and monoclonal antibodies (mAbs). Antibodies and other recombinant biologics are 
now commonplace, with numerous examples of approved drugs now complementing 
traditional small-molecule drugs. The production and purification methods for different 
biologics are highly comparable. This is especially true for mAbs, which are often of the 
igG1 type and share > 95% sequence homology. The expertise for producing drugs should 
no longer be the sole domain of industry; indeed, many people with expertise in drug R&D 
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are being dismissed by larger drug companies increasingly focused on clinical development 
and marketing. Perhaps such individuals could now be coopted to support magistral drug 
development in academic medical centers.
Fifth, a relatively standard small-scale culture and purification unit should be sufficient to 
produce the great majority of products needed as individualized medicines for patients. 
Doses of biologics vary from µg/kg up to 20 mg/kg. To be able to provide bedside production 
of such biologic products, the production capacity should therefore be in the gram scale 
(5–20 g) and preferably with a mobile production unit with a small footprint that can be 
readily implemented in standard cleanroom facilities of hospital pharmacies. This limits 
the production volume to 30–50 liters. Production at this size is common practice in the 
pharma industry during the discovery and early-development phase of biopharmaceuticals 
and enables the use of disposable bioreactors to standardize and speed up production.

Sixth, new technology is coming online that supports local, small-scale drug production 
systems, which are becoming more automated. The development of new methods for the 
genetic modification and selection of host cells and new chemically defined culture media 
and feeding strategies have dramatically increased volumetric productivity over the past 
few years. The introduction of high-cell density and perfusion technologies has made 
production levels of up to 8 g/L possible. Moreover, recent advances in transient gene 
expression now make it possible to produce grams of antibodies in fewer than 14 days. Some 
systems for transient expression allow the selection of cell lines for continuous production 
in cases when the patient needs prolonged treatment [20]. Fast production is important for 
individualized medicine to keep the interval between diagnosis and treatment as short as 
possible.

Seventh, small-scale production can also facilitate downstream processing. Small 
volumes of a drug enable the use of alternative methods for concentration and purification 
such as flocculation, precipitation and aqueous two-phase extraction systems, which are 
cheaper and, more importantly, faster than the classic chromatographic techniques used in 
bulk biopharma manufacturing facilities. Moreover, advances in the development of self-
cleaving fusion tags for affinity purification would in the future enable standardization of 
the purification of a wide range of biologics [21].

A final advantage of magistral production may be in the provision of combinations 
of drugs. At the moment, the commercial barriers and proprietary nature of programs at 
competing manufacturers often stand in the way of providing the right combination of 
drugs tailored to address all the targets in an individual patient. The magistral production 
approach, again, would sidestep this issue.

Given the above, we contend that bedside production of biopharmaceuticals in a 
hospital pharmacy setting is technically feasible and an intriguing alternative to bulk-
scale drug production. indeed, there are already documented cases where such magistral 
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production has been achieved (Figure 1). All of the above technologies can ultimately be 
combined in a closed, easy-to-operate, tabletop-sized machine with integrated production 
and purification that could be used in standard cleanroom facilities of a hospital pharmacy 
(box 1).

On the basis of current large-scale facilities based on disposable units where production 
costs are estimated at ~€20 ($22) per gram of protein, magistral drug manufacture 

Table 1. Drugs and indications suited for magistral production.

Existing drugs

Drug class Why suitable Possible obstacles Timeline for 
implementation

mAbs Platforms for efficient 
production already 

exist

Lack of infrastructure and trained 
personnel

Now

Small molecules and 
biologics to supplement 

innate deficiencies

Relatively low 
amounts needed. 
Marketed bulk-
produced drugs 

extremely expensive

Lack of infrastructure and trained 
personnel

Now

Treatment for ultra-orphan 
diseases

Extremely high 
prices if developed by 

industry

Lack of infrastructure and trained 
personnel

Now

Novel individualized medicines

Drug class Why suitable Possible obstacles Timeline for 
implementation

Replacement proteins for 
ultra-orphan diseases

Market too small 
for commercial 

development

Lack of infrastructure and trained 
personnel. Clarification of efficacy/

safety testing for new molecule

2–3 years

individual tumor specific 
mAbs for hematological 

malignancies

Relatively 
easy screening 

system available. 
Development time of 

product needs to be as 
short as possible

Lack of infrastructure and trained 
personnel. Needs efficient transient 

expression systems. Clarification 
of efficacy/safety testing for new 

molecule

2–3 years

mAbs for rare forms of 
pediatric solid tumors

Market too small for 
conventional drug 

development

Lack of infrastructure
and trained personnel. 

identification of suitable markers. 
Clarification of efficacy/safety 

testing for new molecule

2–3 years

individualized mAbs to 
overcome resistance to 

pre-existing bulk-produced 
mAb therapy

Development time of 
product needs to be 

short

Lack of infrastructure
and trained personnel. 

Heterogeneity of resistant tumor. 
Clarification of efficacy/safety 

testing for new molecule

2–3 years
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in a hospital pharmacy setting would be estimated at ~€2,000 ($2,200) per gram (if a 
continuously-producing cell line were used). Overall, from design to production in a 
transient system, we estimate a cost of between €5,000 ($5,400) and €10,000 ($10,800) per 
gram. As the prices of current biopharmaceuticals can range up to €500,000 ($540,000) per 
gram, magistral production seems economically viable.

We recently concluded a pilot study to get some idea about the economics of bedside pro-
duction (box 2). We set up local production of recombinant human a-glucosidase (rhGAA) 
from scratch, starting with the construction of high-producer cell lines and developing the 
heterologously produced protein up to formulation in a pharmaceutical form. Although the 
system was not optimized for efficiency, the cost of production of rhGAA was $1.491/gram, 
taking in account all costs: cell-line generation, reagents, materials, labor, infrastructure 
and other. A detailed cost calculation of a pilot of bedside production of rhGAA is provided 
as supplementary data.

Figure 1: Magistral production in a laminar flow at the Transvaal Pharmacy, a local pharmacy in The 
Hague, The Netherlands. The pharmacy is owned by P.W. Lebbink, who pioneered individualized 
medicine on the basis of magistral production. At his practice, Lebbink encountered a small boy who 
suffered from a very rare serious condition leading to high blood levels of ammonia for which there 
was no commercially available treatment. On his own, Lebbink figured out a treatment for the boy 
based on carglumate acid, which he bought from a local chemical company. He kept the boy alive 
for €3,000 ($3,300) per year. Then in 2007, the biotech company Orphan Europe SARL (Puteaux, 
France) received marketing authorization to distribute the same chemical as an orphan drug. The 
company priced the drug at €25,000–€250,000 ($27,000–$270,000) per year for a 20-kg child. The 
company subsequently started several legal cases to stop Lebbink from making the drug via magistral 
production for the little boy. Although Lebbink won all these cases, he subsequently decided to stop 
magistral production because the health insurance companies refused to pay for his magistrally 
produced drug any longer. He is still active in magistral production of other drugs.
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Box 2: Toward a proof of principle

Utrecht University in the Netherlands has initiated a pilot program for producing 
biologics in hospital pharmacies financed by the major Dutch health insurance 
companies. The goal of this project is to study whether magistral production can 
form the basis of a sustainable system for development and production of affordable 
precision/personalized medicine.

Several replacement protein products have been selected for the treatment of 
orphan diseases. These will represent alternatives to existing products (‘biosimi-
lars’). We also intend to develop a new recombinant replacement protein for the 
treatment of a very rare orphan disease.

The biosimilars were selected because they provide a reference for the quality 
and efficacy and the economic feasibility of bedside production. because they will 
be the first products of this new approach, their safety and efficacy will be evaluated 
in clinical trials. One of the trials will be performed in the developing world, where 
>99% of children with this lethal orphan disease cannot be treated because of the 
extreme price of the drug. The clone, the production technology and the clinical 
data will be donated to the World Health Organisation (Geneva, Switzerland) to be 
used for the local production in the developing world.

The process for the pilot bedside production is being developed by a company 
with experience in high cell density perfusion culture systems. This company will 
also do the technology transfer to the hospital pharmacy, including the training of 
the local staff.

As most pharmacies of academic medical centers in the Netherlands, the 
pharmacy has a GMP-licensed facility, where the production will be in standard 
equipment for small-scale production in disposable cell culture systems. The total 
investment needed for the equipment is ~€100,000 ($108,000).

The products will be made according to specifications of monographs to be 
requested from the Royal Dutch Pharmaceutical Society (KNMP). in magistral 
production, the pharmacist will be responsible for the release of the product for 
administration to the patient.

if the pilot proves successful and the model is seen as attractive, the question 
arises of how to introduce bedside production to other hospitals. The main 
challenges will be infrastructure and personnel. Most hospital pharmacies will lack 
GMP or comparable facilities and trained staff.
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Therefore, the savings expected through local production will be invested in the 
development not only of other new personalized biologics but also in hardware that 
will enable efficient production of biologics in any hospital pharmacy. The goal is 
to create a closed, integrated, easy-to-operate, small machine capable of producing 
grams of biopharmaceuticals of high and reproducible quality. it will be based on 
perfusion bioreactor technology, supporting the growth of producer cells at high 
densities in prefilled disposable cassettes.

When the number of products and pharmacies involved in bedside production 
starts to grow (Table 1), the principle of magistral production for individual patients 
may come under pressure. Ultimately, producing all products in all pharmacies is 
an unlikely scenario and exchange of products between cooperating pharmacies 
may prove more efficient. This will bring bedside production outside the scope of 
magistral production and uncharted regulatory territory. New regulations will then 
be needed, that need to be smart, open and flexible to avoid the technological lock-
in caused by the current guidelines and legislation of the current pharmacological 
development paradigm.

5. Regulatory oversight of magistral production

The industrial production of pharmaceuticals started in Germany at the end of the 
nineteenth century. Nevertheless, 80% of all prescriptions were still compounded by a local 
pharmacy in the 1950s. Currently, > 90% of all prescriptions concern products manufactured 
in bulk by the biopharma industry. The development, production and marketing of this 
industry’s products are heavily regulated. All these regulations were initiated by incidental, 
but serious, cases of malpractice, fraud and a lack of proper evaluation of manufacturing 
safety and quality.

The 1960s thalidomide tragedy, in which the sedative was prescribed off-label to pregnant 
mothers, resulted in 10,000 severely mal-formed babies in Europe, 5,000 of whom died. 
This prompted the United States to pass the Kefauver–Harris Drug Amendments in 1962, 
which required manufacturers to prove safety and efficacy in return for market registration. 
More recently, the debacle in the early 2000s in which 28,000 deaths were attributed to 
off-label marketing of Merck’s (Kenilworth, NJ, USA) cyclooxygenase 2 (COX2) painkiller 
Vioxx also prompted a clamp down on industry and a greater emphasis on drug safety [22]. 
Thus, commercial drug manufacture is subject to stringent and standardized regulatory 
oversight from federal authorities, such as the FDA, the European Medicines Agency and 
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the Pharmaceutical and Medical Devices Agency (Tokyo).
in contrast to mass-production of drugs, magistral drug production falls under the 

umbrella of drug compounding. Compounding occurs in two different forms: the official 
formula and the magistral formula [23]. The official formula for a drug is one that can be 
found in an official text (e.g., the british Pharmacopeia or the European Pharmacopeia). 
Products compounded as official formula are for storage and for delivery to patients with 
a prescription from their doctor. in the magistral form, the medicinal product is instead 
produced for an individual ‘named’ patient on the basis of a prescription written by the 
attending physician.

in both the United States and Europe, compounding is exempted from marketing 
authorization or manufacturing regulations like GMP. Compounding in the European Union 
(brussels) is regulated by both national pharmacopeias and guidelines from international 
organizations, such as the World Health Organization (Geneva) or Pharmaceutical 
inspection Conventions. in the United States, compounding used to be regulated at the 
state level, but in 2013, new federal legislation was introduced to move the oversight to 
the FDA [24]. The reason for this was a major incident that occurred at the New England 
Compounding Center in 2012. Fungal contamination in three lots of methylprednisolone 
used for epidural (spinal) steroid injections and distributed to 75 medical facilities in 23 
states and administered to about 14,000 patients caused 48 fatalities and 720 persistent 
fungal infections needing treatment.

Box 3: Outstanding issues for magistral individualized medicine

We have been discussing our pilot project (box 2) with experts and colleagues from 
many different fields, including patient advocate groups, regulators, policymakers and 
other stakeholders. The issue that comes up first in nearly all discussions is how to ensure 
safety, especially if the bedside production expands into less experienced hospitals. The 
lack of regulation for magistral production is seen as a disadvantage in this scenario.

No process for producing drugs is completely safe. The FDA receives at least 
3,000 reports yearly of drug manufacturing or quality control incidents, in most 
cases the result of human error [30]. Although as we have noted, the risks associated 
with magistral production are relatively low, human errors will certainly also occur 
in the hospital pharmacy. Therefore, if bedside production becomes feasible, it will 
be important to introduce regulations ensuring a quality control system to avoid 
these human errors as much as possible. However, these regulations—preferably 
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institution-level—should be open, adaptable, based on common sense and smart, 
using the opportunities provided by information technology. Regulating magistral 
production should avoid the pitfalls of the standard drug relations that stifle 
innovation.

We also think the dedicated tabletop production units with integrated quality 
control based on prefilled cell culture cassettes (box 2) will provide the opportunity 
to standardize the production and purification and, if well designed, will contribute 
to the consistency of the products within and between hospital pharmacies. it has 
not escaped our notice that a whole potential business sector could spring up to 
supply such tabletop production instruments and reagents.

One other important discussion with the stakeholders has been the question of 
how to pay the bedside development. Currently, the major Dutch health insurance 
companies are funding our pilot project through their innovation investment funds. 
With total projects costs that are only 20% of what the bedside production will 
save in reimbursement costs of a single orphan drug every year, we had no major 
difficulties in getting them involved. They also pledged part of the savings in the 
coming five years to invest in the development of precision medicine approaches 
and the small production unit.

Cost savings are the main incentive for the involvement of the Dutch companies; 
this has raised suspicion in the media that our main driver for proposing magistral 
manufacture is to challenge big pharma. This is not our goal. instead, we seek to 
facilitate individualized medicine and to introduce a model that would complement 
bulk drug discovery and development by existing commercial manufacturers. in 
time, we hope that some companies may also embrace our model; however, we do 
not think the current biopharma industry is incentivized to deliver the scientific and 
medical promise of individualized medicine (for the reasons outlined in this article).

bedside development and magistral production will not be the solution for all 
deficits of the current pharmaceutical system. The pharmaceutical industry and its 
products will remain essential for creating drugs against novel intracellular targets 
or indications where large-scale production and distribution is necessary.

Another question is whether this approach should be limited to biologics. After 
all, there have been many developments in chemical synthesis allowing automated 
small-scale manufacture of small molecules that could be extended to hospital 
pharmacies [31-33]. One could imagine, for example, bedside development of 
Kalydeco (ivacaftor) against different genetic forms of cystic fibrosis.
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6. Safety issues for magistral drugs

The above incident has been cited as proof of the risks of compounding (box 3). it is also 
held up as an example that proves that the type of magistral individualized drug pro-
duction we propose in this article is untenable. We contend, however, that the scale of 
manufacture and wide (bulk) distribution of the New England Compounding Center lots 
can hardly be considered compounding for an individual patient. it should instead be held 
up as an example of the dangers of bulk, industrial production. it also illustrates the risks 
of the different types of compounding. The 2012 event pertained to compounding to an 
official formula and distribution on a wide scale. This is a very different prospect from 
compounding to a magistral formula that is destined for one patient.

Risk is not only defined by the probability of an event happening but also by its 
consequences. in compounding, the risks are smaller than those of industrial production 
of pharmaceuticals. in a magistral formula, the link between patient, prescriber and 
pharmacist is direct, and any problem with the product is completely traceable, can be acted 
upon immediately and is thus restricted to one individual.

The risk posed by a faulty mass-produced product of the biopharma or compounding 
industry distributed worldwide is much higher than for a magistral product produced for 
an individual patient. Thus, the thalidomide and Vioxx incidents discussed above took 
many years and many victims to discover and correct. To take an example of a mass-
produced bio-logic rather than the aforementioned small molecules, the mass-produced 
biopharmaceutical Eprex (epoetin alfa) was associated with pure red cell aplasia (PRCA) 
after a formulation change in 1998 (ref. 25). The formulation increased the immunogenicity 
of the product and induced antibodies that cross-neutralized endogenous erythropoietin 
in patients, leading to severe anemia. Although the first publication revealing the problem 
came out in 2002, it took another year before use of subcutaneous Eprex was banned. in 
these 5 years, at least 275 patients developed PRCA. in box 1, we discuss the safety issues 
related to biologic manufacture of relevance to magistral production for individual patients.

The risk of compounding is also minimal compared with industrial production because 
the medicine is produced by a pharmacist or by a technician under his direct supervision. 
The GMP regimen by pharmaceutical industries for large-scale production was designed to 
enable production by operators without any pharmaceutical background. in addition, the 
magistral product is used within a short time after manufacture, thus avoiding degradation 
and deterioration and shelf-life issues, a source of side effects especially for biologics. 
Finally, the equipment used for magistral compounding is small and relatively simple to 
operate compared with the equipment used for large-scale production of biologics, again 
minimizing the probability of defects or malfunction.

in the magistral situation and unlike industrial pharmaceutical production, a limited 
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number of health professionals are responsible for both the production and the safe 
administration of the drug to a named patient. in our view, this would ensure optimal and 
direct surveillance of magistral production of precision drugs.

7. Clinical aspects of magistral production

Classic clinical development of a biopharmaceutical involves three phases, with one or 
more double-blind, comparative clinical trials in hundreds of patients as the ultimate proof 
of the efficacy of the new drug. in individualized medicine, where n = 1, such an approach 
is not possible and other approaches to test the safety and efficacy are necessary [26]. What 
is required is a novel, robust system of evaluation that ensures patient safety and allows 
early and accurate assessment of efficacy. Currently, authorization of products by regulatory 
authorities for orphan disorders is frequently followed by requirements to collect additional 
safety and effectiveness data. The reason for this is that surrogate or inter-mediate endpoints 
are used, and outcomes on clinically meaningful endpoints remain uncertain. However, 
these registries requested by regulatory agencies have severe limitations, including a 
striking paucity of high-quality data, as well as a lack of independent analysis of outcomes 
[27]. Systems for collaborative, independent analysis of data are currently being advocated. 
For magistral production of precision biopharmaceuticals, a similar approach could be 
envisioned for small groups of patients, including the set-up of international independent 
registries. in such a system, patients would be adequately informed and involved in all 
decisions. The close interaction between dedicated physicians, pharmacists and patients 
would accelerate the evaluation of effectiveness and safety, and it might also enable fine-
tuning of the biologic to the individual needs of the patient.

8. Conclusions

We have outlined a proposal for magistral pro-duction of protein therapies. Clearly, 
magistral drug production would not substitute for pre-existing commercial models of 
drug discovery and development. What we put forward here is a drug manufacture model 
that complements, but does not supersede, them. And it promises to turn the dream of 
individualized medicine into a reality for the first time.



|    Chapter 2

48

References 
1  Olfson, M. & Marcus, S.C. Health Aff. (Millwood) 32, 1116–1125 (2013).
2  Le Tourneau, C. et al. Lancet Oncol. 16, 1324–1334 (2015).
3  Pirmohamed, M. et al. br. Med. J. 329, 15–19 (2004).
4  Jameson, J. & Longo, D.L. N. Engl. J. Med. 372, 2229–2234 (2015).
5  Faulkner, E. et al. Value Health 15, 1162–1171 (2012).
6  Carrera, P.M. & Ormond, M. Maturitas 82, 94–99 (2015).
7  Cohen, J.P. Nat. biotechnol. 29, 751–756 (2012).
8  de bono, J.S. & Ashworth, A. Nature 467, 543–549 (2010).
9  Damkier, P. int. J. Clin. Pharm. 37, 669–670 (2015).
10  Collins, F.S. & Varmus, H. N. Engl. J. Med. 372, 793–795 (2015).
11  Okie, S. N. Engl. J. Med. 361, 737–740 (2009).
12  Avorn, J. N. Engl. J. Med. 367, 193–197 (2012).
13  Frueh, F.W. Value Health 16 Suppl, S27–S31 (2013).
14  Fleck, L.M. Urol. Oncol. 32, 202–206 (2014).
15  Kalia, M. Metabolism 62 Suppl 1, S1–14 (2013).
16  Moors, E.H., Cohen, A.F. & Schellekens, H. Drug Discov. Today 19, 1711–1720 (2014).
17  European Public Assessment Report Glybera (EMA Website).
18  Aronson, N. Ann. NY Acad. Sci. 1346, 81–89 (2015).
19  Abernethy, A. et al. Clin. Cancer Res. 20, 1081–1086 (2014).
20  Steger, K. et al. J. biomol. Screen. 20, 545–551 (2015).
21  Ge, X. et al. J. Am. Chem. Soc. 127, 11228–11229 (2005).
22  Topol, E.J. N. Engl. J. Med. 351, 1707–1709 (2004).
23  Minghetti, P., Pantano, D., Gennari, C.G. & Casiraghi, A. Health Policy 117, 328–333 (2014).
24  Qureshi, N., Wesolowicz, L., Stievater, T. & Lin, A.T. J. Manag. Care Spec. Pharm. 20, 1183–1191 

(2014).
25  McKoy, J.M. et al. Transfusion 48, 1754–1762 (2008).
26  Kooijman, M., van Meer, P.J., Moors, E.H. & Schellekens, H. Expert Opin. Drug Saf. 11, 797–801 

(2012).
27  van Meer, P.J. et al. MAbs 5, 810–816 (2013).
28  Schneider, C.K. & Kalinke, U. bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 

50, 1213–1220 (2007).
29  Patten, P.A. & Schellekens, H. Dev. biol. 112, 81–97 (2003).
30  bach, P.b., Conti, R.M., Muller, R.J., Schnorr, G.C. & Saltz, L.b. br. Med. J. 352, i788 (2016).
31  Ciriminna, R. et al. Nanoscale 6, 6293–6300 (2014).
32  Gising, J., Odell, L.R. & Larhed, M. Org. biomol. Chem. 10, 2713–2729 (2012).
33  Szymkuć, S. et al. Angew. Chem. int. Edn Engl. 55, 5904–5937 (2016).



C
ha

pt
er

 2

Making Individualized Drugs a Reality    |

49

Appendix: Supplementary data

Cost-effectiveness of bedside production
The production cost was estimated based on major requirements of process that could 
have huge impact on final cost which are protein synthesis equipment, protein synthesis 
materials, purification equipment, purification materials, filling equipment, labor cost, 
and working area. All equipment and materials are classified as GMP-grade; moreover, the 
production process is designed as a single-use model by using disposable, pre-sterilized, 
and pre-validated components. The production system is suitable for hospital pharmacy 
settings and flexible for downscaling or upscaling based on required amount of medicine. 
The bioreactor system “ReadyToProcess WAVE 25” (GE Healthcare Life Sciences, The 
Netherlands) was selected for protein synthesis platform with batch size up to 25 L. The 
tabletop bioreactor gives the advantage to set multi-systems in a small working area and 
increase the total production size. The CHO stable cell line produces 0.474 gram/L of 
rhGAA in batch size of 25 L within 14 days. Two wave bag systems can be used based on 
capacity and processing time of AKTAprocess. The wave bag systems can make 50 batches 
in a year or 592.5 gram/year. During downstream process, AKTA process will be used for 
lectin affinity chromatography and weak anion exchange chromatography. The purification 
process takes two days for each batch and there is a 60% loss of product which makes a final 
production size of 237 gram/year. Chromatography resins are extensively re-used usually 
more than 100 times in biopharmaceutical industry1; however, to avoid losing the resin 
efficiency, the purification resins will be re-used 10 times. The filling process takes one day 
for two batches to make 189 vials of 10 mL vial (5 mg/mL) and it will be performed in a 
safety cabinet under aseptic condition using Crystal® M1 filling station with highest quality 
assurance of aseptic filling and ready-to-fill closed vial supplied clean and sterile (Aseptic 
technologies, belgium). There are non-recurring costs for equipment and materials that can 
be reused based on their life span (Table S1). Other major factors in the production process 
were calculated based on retail prices of supplier (Table S2); however, it is expected to get a 
price reduction in case of wholesale price between 5-10%. The expected total cost per year 
with two wave bag systems (maximum capacity) to produce 237 g of rhGAA is $353,491 
or $1,491/gram which is less than by 87% comparing to Myozyme® listed price ($11,948/
gram)2. The estimated yearly production of rhGAA enables treatment of 7 adult patients 
(average body weight 70 kg) who need 20 mg/kg every two weeks; also, it costs $50,097/
patient/year comparing to $401,452/patient/year for Myozyme®.
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Table S1. One-time costs of multi-use material and equipment for bedside production.

Equipment & materials Cost ($) Life span (years) Cost/year ($)

Stable CHO suspension cell line (outsourcing) > 400,000 25  * > 16,000 + 50,000 
yearly fee

ReadyToProcess WAVE 25 (two systems) 148,400 15 ** 9,893

AKTA process (GE) 179,850 15 ** 11,990

Filling equipment 80,596 15 ** 5,373

* The cell line has indefinite lifespan; however, 25 years was suggested as an expected product life till next 
generation of medicine3. 
**The average life expectancy for machinery and equipment that are used for manufacturing of biopharmaceutical 
products4. 
Notes: All prices were obtained from suppliers except if stated. All prices were based on currency rates as Dec 2016.

Table S2. Details of bedside production cost per year (50 batches) for rhGAA using 2 wave bag 
systems.

Equipment & materials Cost/year ($)
Stable CHO suspension cell line > 66,000
ReadyToProcess WAVE 25 (two systems) 9,893
Cell culture media (GE)
($78/L or 1,950/25L for one batch)

97,500

50 L Cellbag bioreactor (GE)
($247/bag for one batch)

12,350

AKTA process 11,990
Lectin affinity chromatography 
(Con A Sepharose 4b media, GE)
($7,450/25L for one batch, 10 times of reuse)

37,250

Weak anion exchange chromatography 
(DEAE Sepharose Fast Flow media, GE)
($569/25L for one batch, 10 times of reuse)

2,845

Quality control test (outsourcing)5

($356/batch)
17,800

Filling equipment 5,373
Labor salary (two Lab technicians)6 79,490
Cost of a room in hospital pharmacy for upstream process
(Average price/m2=$325, room size 15 m2)7 

4,875

Cost of a room in hospital pharmacy for downstream process
(Average price/m2=$325, room size 25 m2) 7 

8,125

$ Total cost/year for production size (237 gram) 353,491
$ Cost/gram 1,491
% Cost reduction comparing to Myozyme ($11,948/gram*) -87%

* The price/gram was calculated based on cost per vial (50 mg) of Myozyme2.
Notes: All prices were obtained from suppliers except if stated. All prices were based on currency rates as Dec 2016.
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Abstract

The high costs of orphan drugs limit the access of many patients with rare diseases to 
treatment, especially in low- and middle-income countries. Many orphan drugs are off 
patent without alternative generic or biosimilar versions. Production of these drugs at point-
of-care, when feasible, could be a cost-effective. bedside drug production can serve a small 
number of patients as in case of rare diseases. The economic feasibility of this approach 
was estimated through setup a small-scale production of recombinant human acid alpha-
glucosidase (rhGAA). The commercial version of rhGAA is Myozyme™, and Lumizyme™ 
in the United States, which is used to treat Pompe disease. The rhGAA was produced in 
mammalian cells and purified using multiple purification steps to obtain a semi-comparable 
protein profile to Myozyme™. The established small-scale production of rhGAA was used 
for cost estimation. The treatment cost of rhGAA using bedside production was estimated 
at $3,484/gram, which is lower by 71% compared to Myozyme™. This study shows that 
bedside production might be a cost-effective approach to increase the access of patients to 
particular life-saving drugs.
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1. Background 

A rare disease is a disorder or condition affecting a small number of individuals [1]. The 
defined prevalence of a rare disease in the United States is less than 200,000 persons and in 
Europe is less than five in 10,000 [1, 2]. There are more than 7,000 rare diseases affecting 
300 to 400 million in the world, of which 80% are genetic diseases [3–5]. Only 6% of rare 
diseases have available treatment, in which 64% and 36% are small and large molecules, 
respectively [6, 7]. Of this low availability, most patients have limited access to the treatment 
due to high prices, especially in low- and middle-income countries [8–10]. As per 2017, the 
average treatment cost per patient was $147,308 for orphan drugs compared to $30,708 for 
non-orphan drugs, where the biological drugs are considerably more expensive than small 
molecules which could be related to the complexity of molecular structure and production 
process [11].

The conventional industrial production of many biological orphan drugs is performed 
in large  stainless steel bioreactors; however, the advancement in single-use technology 
and continuous bioprocessing have made the production of these drugs on small scales 
is cost- effective [12, 13]. For example, the required space and capital cost for production 
of a recombinant therapeutic protein on 2000 L scale can be reduced to 45% and 67%, 
respectively, when using state of the art single-use model instead of conventional paradigm 
[12, 13]. Such advancements would enable the bedside (or magistral) production that was 
technically inapplicable for biological orphan drugs. This approach offers several options to 
make production less expensive, such as short production duration, lower human capital 
and production on demand with ready-to-use formulation. in addition, producing drugs 
at point-of-care would eliminate the marketing and distribution expenses. These features 
would reduce the end-to-end cost and deliver medicines to patients at the lowest possible 
cost.

The concept of this approach was discussed by Schellekens et al. to enable the 
affordability of expensive drugs by producing them at point-of-care [14]. Principally, the 
produced drug should meet the universally accepted quality, safety and efficacy criteria for 
human medicine. in terms of current regulation, the European regulations under directive 
2001/83/EC (Article 3) exempt the magistral preparation from the regulatory requirements 
such as manufacturing license and marketing authorization which would reduce the costs 
associated with regulatory requirements [15]. The quality and safety of a magistral drug 
has been emphasized in the Resolution CM/Res (2016)1 and a risk assessment should 
be performed to determine whether the drug should be prepared according to good 
preparation practices (low-risk preparation) or good manufacturing practices (high-
risk preparation). According to the Resolution CM/Res (2016)1, the biological drugs are 
considered as high-risk preparations; and therefore, the materials, equipment and practices 
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for bedside production of biological drugs are recommended to be according to the current 
good manufacturing practices (cGMP) guidelines.

As per 2018, 217 drugs out of 503 approved orphan drugs by FDA are no longer 
protected by orphan designations nor patents; however, 101 drugs have no generic or 
biosimilar competitors [16]. Legitimately, these drugs would be suitable candidates for 
production at point-of-care. Utrecht University (Utrecht, The Netherlands) has initiated 
a pilot program financed by major Dutch health insurance companies to demonstrate the 
feasibility of bedside production for selected drugs at hospital pharmacies [14, 17].

Myozyme™ (iNN-alglucosidase alfa) was one of the selected drugs for this program. in 
2006, Myozyme™ was approved by European Medicines Agency and U.S. Food and Drug 
Administration (FDA) to treat Pompe disease (OMiM 23200) [18, 19]. This disorder is 
considered as a rare disease since it affects between 1 in 14,000 to 1 in 300,000 of population 
based on geographic area or ethnic group [20]. in normal conditions, acid alpha-glucosidase 
(GAA; EC 3.2.1.3), which is encoded by GAA gene, catalyzes the hydrolysis of glycogen to 
glucose in lysosomes [21]. Mutations in the GAA gene result in mRNA instability and/or 
truncated GAA, which lead to a significant decrease in enzymatic activity of GAA [21]. As a 
result, the glycogen is accumulated in lysosomes causing progressive muscle weakness and 
heart disorders [21]. The clinical presentations of this disease range from a rapidly progressive 
“infantile” form, which is uniformly lethal, to a slowly progressive “late-onset” form based on 
the residual GAA activity [20]. The affected infants, juveniles and adults with Pompe disease 
have residual enzymatic activities of less than 1%, 10% and 40%, respectively [22].

The endogenous human GAA is synthesized as a 110 kilodalton (kDa) pro-polypeptide, 
then undergoes post-translational modification and glycosylation in the endoplasmic 
reticulum and Golgi apparatus before being sorted into the lysosomes as 76 and 70 kDa 
mature forms or secreted extracellularly as 100 kDa precursor form [23, 24]. The secreted 
GAA can be re-internalized to cells through cation-independent mannose-6-phosphate 
receptors (Ci-M6P) and delivered to lysosomes [23].

Myozyme™ has been developed by Sanofi Genzyme as a precursor form of rhGAA 
[25]. initially, Myozyme™ was manufactured and registered at production scale of 160 L;  
afterwards, a production scale of 2000 L was established due to high demand and a regulatory 
variation request was submitted [26]. in 2010, the FDA ruled that the glycosylation profile 
of the drug produced on 2000 L scale was not similar to Myozyme that is produced on 160 
L scale.  As a result, the drug from 2000 L scale was registered with a new biologics license 
application under the name “Lumizyme™” and it was used for patients with late-onset form 
of Pompe disease [27]. in 2014, the FDA approved the use of Lumizyme™ to all Pompe 
patients after providing supportive data for treatment of the infantile form indicating 
that both products are comparable in terms of safety and efficacy despite differences in 
glycosylation [28, 29].



C
ha

pt
er

 3

Economic feasibility for bedside production of rhGAA    |

57

both products are among the top ten most expensive drugs and the treatment costs 
vary based on the required dose [30]. The registered therapeutic dose is 20 mg/kg every 
other week; however, the dose can be increased up to 40 mg/kg every other week based on 
therapeutic needs [31]. For an adult patient (70 kg), the yearly cost ranges from $401,452 
(dose 20 mg/kg/2 weeks) to $802,905 (dose 40 mg/kg/2 weeks) [31]. The medicine should 
be used throughout the patient’s lifetime to minimize the disease symptoms and increase 
life expectancy [31].

The market exclusivity of Myozyme™ was expired in the United States (2013) and 
the European Union (2016); however, the recent label expansion of Lumizyme™ for the 
early onset form of Pompe disease may extend its market exclusivity till 2021 [32]. The 
introduction of a biosimilar will drive the prices down; however, according to the historical 
events in the biopharmaceutical market, the price cut after introducing the first biosimilar 
product is approximately 30% of the originator price, which is still unaffordable alternative 
option for many patients, especially in low- and middle-income countries [33].

To this end, a small-scale production of rhGAA was set up to explore the cost-
effectiveness of bedside drug production. Herein, the required cell line for production of 
rhGAA was generated and a 3-step purification process was performed to purify rhGAA. 
This small-scale production was used to estimate the bedside production costs of rhGAA 
in a hospital pharmacy.

2. Materials and methods

2.1. Biological and chemical materials
The complementary deoxyribonucleic acid (cDNA) encoding rhGAA (Uniprot accession 
number: P10253, full sequence) and Max Efficiency DH5α competent cells were purchased 
from Thermo Fisher Scientific (Waltham, MA, United States). The suspension adapted 
Chinese hamster ovary K1 derived cell line (CHObC®) was generated by bioceros b.V. 
(Utrecht, The Netherlands). ProCHO-5 serum-free medium (P5) was purchased from 
Lonza (basel, Switzerland). Rabbit anti-human GAA polyclonal antibody was purchased 
from Santa Cruz biotechnology (Dallas, TX, United States). Two vials of Myozyme™ 50 mg 
(expired and valid batches) were used as a reference material. Methyl-α-D-glucopyranoside 
and 4-Methylumbelliferyl α-D-glucopyranoside were purchased from Sigma-Aldrich (St. 
Louis, MO, United States).
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2.2. Production of rhGAA
The cDNA encoding rhGAA was subcloned into a mammalian expression vector. The 
generated expression plasmid was analyzed using DNA sequence analysis.

Frozen CHObC® cells were thawed and cultured in a 75 cm² tissue culture (T-75) flask 
containing P5 medium supplemented with 4 mM L-glutamine and 0.1% pluronic F-68 at 
36.5°C and 5% CO2. Then, the cells were harvested and transferred into 125 mL shake flask 
containing P5 medium supplemented with 4 mM L-glutamine and 0.1% pluronic F-68 at 
36.5°C, 5% CO2 and shaking frequency of 110 rounds per minute (rpm). The cell counting 
and viability were monitored using Casy counter (innovatis, Fairfax, VA, United States). 
At 5×106 viable cells (vc), the cells were transfected with the expression plasmid using the 
AMAXA Nucleofector ii device (Lonza). After transfection, the cells were seeded in a T-75 
flask with P5 medium supplemented with 4 mM L-glutamine and 0.1% pluronic F-68 at 
36.5°C and 5% CO2 for 48 hours. After that, the cells were counted and seeded in 96-well 
plates at 100, 300, 1,000 and 3,000 vc/well in 200 μL of P5 medium supplemented with 4 
mM L-glutamine and selection agent (P5 selection medium). The plates were incubated 
at 36.5°C and 5% CO2 for three weeks. The resistant clones were selected and transferred 
into 48-well plates containing 0.5 mL of fresh P5 selection medium. After four days, the 
expression level of rhGAA was determined using an enzymatic activity assay and the 
highest producing clones were selected. The selected clones were sub-cultured into 12-well 
plates and incubated at 36.5°C and 5% CO2 for four days. The highest producing clones 
were selected and seeded at 0.1×106 vc/mL in 25 cm2 tissue culture (T-25) flasks containing 
P5 selection medium and incubated at 36.5°C and 5% CO2 for four days. The rhGAA 
levels were determined using enzymatic activity assay. The highest productive clones (24 
clones) were selected and sub-cultured into T-75 flasks containing P5 selection medium 
and incubated at 36.5°C and 5% CO2. 

To generate batch production, the 24 clones from stationary flask were transferred 
separately into shake flasks (125 mL) containing 25 mL of P5 selection medium and 
incubated at 36.5°C and 5% CO2 with shaking frequency of 110 rpm. The cells were sub-
cultured three times for one week at the same (previous) conditions. On the fourth sub-
cultured, the cells were sub-cultured and seeded at 0.2×106 vc/mL in shake flasks (125 
mL) containing 25 mL of P5 medium and incubated at 36.5°C and 5% CO2 with shaking 
frequency of 110 rpm for seven days. The cell suspension cultures were tested on days 1, 2, 
3, 4 and 7. The viable cell density, total cell density and cell viability were determined using 
Luna counter (Logos biosystems inc., United States). The rhGAA levels were determined 
using the enzymatic activity assay. 

To generate fed-batch production, 16 clones of the highest producing clones were 
selected and seeded at 0.5×106 vc/mL in 30 mL of P5 medium and incubated at 36.5°C 
and 5% CO2 for 17 days. A feeding strategy was followed for each day (Table S1). A feed 
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developed by bioceros b.V. was used to restore the glucose levels. Cysteine and tyrosine 
were used in the feeding strategy.

The viable cell density, total cell density, cell viability and rhGAA levels were monitored 
and determined. All cultures were terminated at day 17 or earlier when the cell viability 
dropped below 50%. The fed-batch culture supernatants were harvested and cleared from 
cells and debris by centrifugation for five minutes at 1500 rpm then for 10 minutes at 4000 
rpm. The Western blot analysis using anti-human GAA polyclonal antibody was performed 
for the clones after a dilution of the supernatant to the same total protein concentration.

2.3. Purification of rhGAA
The clone #261 was selected and the CHO cell supernatant was microfiltered through a 0.45 
µm pore size filter (Minisart, Sigma-Aldrich). The diafiltration step was performed using 
viva spin column through 10 kDa molecular weight cut-off (MWCO) (GE Healthcare Life 
Sciences (GE), Chicago, iL, United States) according to the manufacturer protocol except 
using 10 mM sodium phosphate buffer pH 6.6 (equilibration buffer A) as buffer solution. 

The AKTA purifier (GE) was used to perform the chromatographic methods. For lectin 
affinity chromatography (LAC), the concanavalin A sepharose 4b (Con A/S4b) column 
(size of 1 mL, GE) was used at a flow rate of 0.1 mL/min. The resin was conditioned using 
five column volumes (CV) of 10 mM sodium phosphate buffer pH 6.6 with 0.5 M NaCl, 
1 mM MnCl2 and 1 mM CaCl2 (binding buffer). Subsequently, 6 mL of the supernatant 
was injected into the resin. After that, the resin was washed using 14 CV of equilibration 
buffer A. in the next step, the rhGAA was eluted using 21 CV of 10 mM sodium phosphate 
buffer pH 7.8 with 1 M NaCl and 0.5 M methyl-α-D-glucopyranoside (eluent). During 
the elution, holding steps were applied after the second elution fraction for one hour and 
after the third elution fraction for three hours. Seven elution fractions were collected and 
analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
stained with Coomassie blue staining. The elution fractions containing rhGAA were pooled 
and ultrafiltered using viva spin column (10 kDa MWCO) according to the manufacturer 
protocol except using 0.25 mM sodium phosphate buffer pH 6.6 (equilibration buffer b) as 
a buffer solution. The intermediate material was named as “partially purified rhGAA”.

Subsequently, the weak anion exchange chromatography (WAEC) was performed using 
HiTrap diethylaminoethyl sepharose fast flow (DEAE/SFF) column (size of 5 mL, GE) at 
a flow rate of 0.5 mL/min. The resin was conditioned using 2 CV of equilibration buffer b. 
Subsequently, 2.5 mL of partially purified rhGAA was injected into the resin. Two column 
volumes of equilibration buffer b were used to wash the resin. For the elution step, a gradual 
increase of sodium chloride (NaCl) solution from 0 to 0.25 M through 5 CV was applied. 
The elution fractions were collected and analyzed using SDS-PAGE (silver staining). The 
elution fractions containing rhGAA were pooled and ultrafiltered using viva spin column 
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(10 kDa MWCO) according to the manufacturer protocol except using equilibration buffer 
A as a buffer solution.

2.4. Analytical methods

2.4.1.	Enzymatic	activity	assay
Myozyme™ was used as a standard and a serial dilution was prepared in the range of 6.25-
500 µg/mL. The standard and sample were always diluted in the same medium or buffer. 
The Fluostar Optima microplate reader (bMG LAbTECH, Germany) was used for the 
measurements at 37 ºC. A black 96-well half area plate with flat bottom (Greiner bio-One, 
Austria) was used for the assay. A 40 µL of standard or sample and 20 µL of 0.2 M acetate buffer 
pH 4.8 with 1% bovine serum albumin were added into the used well. After that, the plate 
was placed in the reader. Using the injector pump, 40 µL of 2.5 mM 4-methylumbelliferyl 
α-D-glucopyranoside was injected into used wells at a rate of 200 µL/second. After four 
seconds of orbital shaking, the fluorescence was measured (excitation wavelength 365 nm; 
emission wavelength 448 nm) every 0.5 second for a 30-minute interval. The unknown 
enzyme concentration was determined using the best-fit slope of standard curve.

2.4.2.	Sodium	dodecyl	sulfate	polyacrylamide	gel	electrophoresis	(SDS-PAGE)
The samples were diluted to the same protein concentration (unless otherwise stated).  
NuPAGE 4-12% bis-Tris protein gel and pageruler prestained protein ladder (Thermo fisher 
scientific) were used according to the manufacturer protocol. Pageblue protein staining 
solution and SilverQuest silver staining kit (Thermo fisher scientific) were used for staining 
the gel according to the manufacturer protocol.

For Western blotting, the proteins were transferred from the gel into immobilon-P 
polyvinylidene difluoride membrane (Merck millipore, burlington, MA, United States) using 
the wet electroblot method. The phosphate-buffered saline with 0.05% Tween 20 and 1% 
bovine serum albumin was used as blocking buffer. The rabbit anti-human GAA polyclonal 
antibody (1:10,000 in blocking buffer) and horseradish peroxidase-conjugated anti-rabbit igG 
(1: 10,000 in blocking buffer) were used as primary and secondary antibodies, respectively. 
The 3,3’,5,5’-tetramethylbenzidine was used for detection. The prestained natural protein 
standard was used as a ladder (bio-rad, Hercules, CA, United States).

2.4.3.	Protein	band	density
ChemiDoc MP device (bio-Rad, Germany) was used to measure the density of protein band. 
After sliver staining, the gel from SDS-PAGE was placed in the device on a white background 
and the epi-illumination lamp was applied. The visualization of gel was adjusted till a clear 
vision of protein band was obtained. A fixed area size that covers visualized proteins was 
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used for all bands to measure their densities and normalized against the background.

2.4.4.	Lectin	binding	affinity
Fifteen different lectins (three independent spots of each lectin) were immobilized on 
activated carboxyl G-COOH SensEye sensor using EDC/NHS coupling chemistry (Table 1). 
The carbohydrates of glycoprotein interacted specifically to lectins and the binding intensity 
was determined in real-time using ibiS MX96 surface plasmon resonance instrument (ibiS 
Technologies, Enscheda, The Netherlands). The running buffer consisted of 20 mM HEPES 
buffer pH 7.2 with 150 mM NaCl, 0.05 w/v% Tween 80, 1 mM ZnCl2, 1 mM CaCl2, 1 mM 
MnCl2 and 1 mM MgCl2. The concentration of rhGAA in the partially purified rhGAA was 
estimated. The buffer of sample was exchanged into the running buffer using a spin column 
with 10 kDa MWCO or directly diluted in the running buffer. The concentration of partially 
purified rhGAA was determined based on the enzymatic activity. Separately, the partially 
purified rhGAA and Myozyme™ were injected (duplicate) at the same concentration (10 
µg/mL) after the stabilization of a baseline signal. The carbohydrate‐lectin binding was 
measured for ten minutes. The sensor plate was washed twice using 25 mM phosphoric 
acid for one minute, then washed using the running buffer for one minute. The study was 
performed at 25°C and the samples were kept at 25°C. For additional information about the 
method, please refer to [34]

Table 1: List of the used lectins and their primary binding specificities.

Abbreviation Lectin name Primary binding specificity

AAL Aleuria aurantia lectin Fucose

LTA Lotus tetragonolobus agglutinin Fucose

UEA Ulex europaeus agglutinin Fucose

Con A Concanavalin A Mannose

GNL Galanthus nivalis lectin Mannose

PSA Pisum sativum agglutinin Mannose

GSL ii Griffonia (bandeiraa) simplicifolia lectin ii N-acetylglucosamine

WGA Wheat germ agglutinin N-acetylglucosamine

SbA Soybean agglutinin N-acetylgalactosamine

ECL Erythrina cristagalli lectin N-acetyllactosamine

MAL i Maackia amurensis lectin i N-acetyllactosamine

ACL Amaranthus caudatus lectin galactosamine-N-acetylgalactosamine

MAL ii Maackia amurensis lectin ii Sialic acid (-galactosamine-N-acetylgalactosamine)

SNA Sambucus nigra agglutinin Sialic acid (-galactosamine)

PHA-E Phaseolus vulgaris Erythroagglutinin N-acetyllactosamine-mannose
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3. Results and discussion

3.1. Production of rhGAA
After generation of the expression plasmid containing the cDNA encoding rhGAA (for 
amino acid sequence, see Figure S1), a large batch of plasmid DNA was prepared and 
purified. The inserted sequence in the plasmid DNA was verified (data not shown). 

CHObC® cells were cultured in a T-75 flask to recover after thawing, then transferred 
into a shake flask to expand the cell culture for the transfection process. After transfection, 
the cells were cultured till reached cell viability of 71% after two days. For clone selection, 
the cells were sub-cultured in 96-well plates at different densities in presence of selection 
agent. After three weeks, the plates seeded with 1,000 and 3,000 vc/well showed growth 
of 40% of the wells. These two cell densities were not used in further steps because of the 
low probability of clonality of the transfected cells. The plates seeded with 100 and 300 
vc/well showed growth of 2% and 12% of the wells, respectively. in total, 54 clones were 
selected from 100 vc/well plates and 353 clones from 300 vc/well plates. After four days, 
the production titers of 407 clones in 48-well plate were ranged from 0 to 5.48 μg/mL and 
the 48 highest producing clones were selected. After four days, the volumetric production 
levels of the 48 clones in T-25 flasks were ranged from 0 to 28 μg/mL and the cell specific 
production (Qp) was determined for each clone. A linear correlation between Qp values 
and volumetric production was observed, indicating that the total amount of produced 
rhGAA is dependent on the cell density. based on these results, the 24 highest producing 
clones were selected. These clones were adapted to the shake flask conditions in P5 selection 
medium. 

After adaptation, a batch production test was performed on the cultured cells for seven 
days to monitor the growth characteristics and production levels. At day 7, the vc densities 
were ranged from 0.3×106 to 6.3×106 vc/mL as shown in (Figure 1a). Clones 45, 204 and 
245 showed minimal growth and clones 248, 320 and 370 reached the highest cell densities 
by the day 7. The median Qp-value of all clones was 7.2 pg/cell/day. The rhGAA levels of 
clones 219, 320 and 390 were the highest. Remarkably, the clones 110, 327 and 400 which 
had an average to low cell density showed to have intermediate rhGAA titers. The 16 best 
producing clones (16 highest Qp values) were selected for further steps.

in fed-batch conditions, the maximal vc densities were ranged from 4.4×106 vc/mL 
to 17.0×106 vc/mL (Figure 1b). Most of the clones reached their optimum vc densities 
between four and seven days. Clone #219 reached the highest vc density at 17×106 vc/
mL on day 7 (data not shown). The addition of the feed after day 13 showed to have no 
effect in all clones. Monitoring of the clones was stopped when the cell viability dropped to 
below 50% and the first abortion was at day 10 for the clone #327. At day 13, a small dip in 
rhGAA level was observed which could be caused by the excretion of cellular content into 
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the culture medium after cell death. This condition may influence the enzymatic activity 
assay and therefore determination of rhGAA levels. Another reason could be the dilution 
effect of the added feed in the last days without an increase in the production of rhGAA. 
After day 14, four clones were continued till day 17; however, there was no change in the 
rhGAA levels. The lowest producing clone was clone #45 with a production titer of 95 mg/L 
and the highest producing clones were clones #110, 320 and 400 with a production titer 
of 467, 474 and 398 mg/L, respectively. Most of the high producing clones during batch 
production showed to also have high production titers in the fed-batch production. The 
median of Qp-value for all clones was 7.2 pg/cell/day in batch production; however, the 
median was 4.2 pg/cell/day in fed-batch production. The Qp-value is expected to be a cell 
specific parameter. The shift in Qp-value during fed-batch production could be explained by 
two factors. First, the production per cell decreased when the feed was added by an unclear 
mechanism. Another factor could be the influence of the content of culture medium on the 
enzymatic activity assay although the standards (Myozyme™) and samples were diluted in 
the same medium to have similar condition. The analysis of Western blot for the clones of 
fed-batch production showed that all clones have the band of precursor form of rhGAA at 
110 kDa which corresponds to the same band in the reference product (Myozyme™) (Figure 
2). Moreover, all clones showed a band at 70 kDa which corresponds to the mature form of 
rhGAA. However, there was difference in the band intensity of mature form between the 
clones suggesting that some clones producing the mature form at lower rates (Figure 2). 
Notably, these clones with a low amount of mature form continued the production till 14 
to 17 days. 

The established research cell lines were used further to explore the required methods for 
achieving an acceptable purity level of rhGAA to estimate the production cost.
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B

A

Figure 1: A. The production yield of rhGAA in shake flask cultures (batch production). The rhGAA 
production levels, viable cell densities and cell specific production of 24 clones at day seven in 
shake flask cultures; B. The production yield of rhGAA in fed-batch cultures. The maximal rhGAA 
production levels with corresponding maximal viable cell densities and cell specific productivities 
(Qp values) of 16 clones in fed-batch cultures.
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Figure 2: A. Western blot of eight clones from fed-batch production at harvesting day using anti-
human GAA polyclonal antibody. Lane 1: Myozyme (110 kDa), lane 2: molecular weight ladder 
(kDa), lanes three to ten are clones #45, 110, 146, 219, 248, 261, 265 and 316; B. Western blot of eight 
clones from fed-batch production at harvesting day using anti-human GAA polyclonal antibody. 
Lane 1: Myozyme (110 kDa), lane 2: molecular weight ladder (kDa), lanes three to ten are clones 
#319, 320, 327, 370, 390, 392, 400 and 406.

3.2. Purification of rhGAA
The clone #261 was selected randomly and the CHO cell supernatant was cleared from 
cell debris and ow molecular weight proteins by microfiltration and ultrafiltration. After 
volume correction, the volumetric rhGAA activity was increased after microfiltration and 
ultrafiltration by 75% and 700%, respectively, which indicates the removal of influencing 
factor(s) on the enzyme activity (data not shown). Con A Sepharose 4b resin was used to 
capture glycoproteins with high mannose, hybrid, or biantennary N-linked chains that exist 
in rhGAA [35]. 

The run was performed at a low flow rate to increase the residence time of glycoproteins 
with resin and enhance the binding efficiency [36]. The resin was conditioned with binding 
buffer for the optimal binding condition. After injection of the supernatant, a washing step 
was performed to remove the unbound and weekly bound proteins. During the elution 
step, multi-pauses were performed to increase the residence time of eluent with the resin 
and elute the tightly bound proteins [37]. The bounded proteins were eluted starting from 
fraction #3 (Figure S2). The fractions were analyzed using SDS-PAGE (Coomassie blue 
staining) to monitor the effectiveness of the purification step. A high abundant protein 
band at 110 kDa was observed in fractions #3 and 4 (Figure 3). Another abundant protein 
band at 70 kDa was observed in fractions #3 and 4 (Figure 3). These bands were detected 
in the Western blot analysis of clone #261, suggesting that these bands correspond to the 
precursor form (110 kDa) and mature form (70 kDa) of rhGAA (Figure 2a). Other proteins 
with molecular weights lower than rhGAA forms were presented to some extent as shown 

A B
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in the protein profile (Figure 3). These results were expected since the resin captures most of 
the glycoproteins [35]. The LAC elution fractions (#3 and 4) were pooled and ultrafiltered 
to recover most of the rhGAA (recovery > 80%, data not shown).

Figure 3: Protein profile of elution fractions from lectin affinity chromatography using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (Coomassie blue staining). Mwt (kDa): Molecular 
weight ladder in kilodaltons; Lanes A to F: Elution fractions #2, 3, 4, 5, 6, 7 and 8 respectively. For 
purification chromatogram, please refer to Figure S2.

WAEC was performed to improve the purity of rhGAA. This chromatographic method 
is based on separation of negatively charged proteins according to their isoelectric points 
where the proteins with low isoelectric points will elute first [38]. The rhGAA mature form 
has slightly lower isoelectric point than rhGAA precursor form. WAEC was performed at 
low flow rate to increase the residence time of negatively charged proteins with the resin 
and enhance the binding efficiency [39]. The resin was conditioned with equilibration 
buffer b for optimal binding; and the same buffer was used during ultrafiltration of LAC 
elution fractions to have similar buffering system. After injecting the partially purified 
rhGAA, a washing step was performed to remove unbound and weakly bound proteins. 
The bound proteins were eluted by increasing the salt concentration gradually from 0 to 
0.25 M. At NaCl concentration of 0.17 M, the bound proteins were gradually eluted starting 
from fraction #18 as shown in (Figure S3). The elution fractions were analyzed using SDS-
PAGE (silver staining) to assess the effectiveness of the purification step. The mature and 
precursor forms of rhGAA were gradually eluted after fraction #20 (Figure 4). The identity 
of these proteins was confirmed previously by Western blot analysis (Figure 2a). 

WAEC improved the purity of rhGAA compared to the protein profile of LAC; however, 
the mature form of rhGAA was still present with the precursor form. interestingly, the 
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mature form was also detected in Myozyme™ indicating that the complete elimination of 
the mature form is not required (Figure 4). For that, the amount and ratio of both forms 
in Myozyme™ and elution fractions of WAEC were determined. The band densities of 
precursor form in Myozyme™ and elution fractions #22, 23 and 24 were 3,297, 2,213, 2,344 
and 2,147 (x103 iNT/mm2); and the band densities of mature form were 448, 1,884, 1,401 
and 689 (x103 iNT/mm2), respectively. based on the band intensity, the ratio of mature 
form to precursor form in Myozyme™ was 0.14 and in the elution fractions #22, 23 and 24 
were 0.85, 0.60 and 0.32, respectively (Figure 5). The ratio in the elution fraction #24 was 
lower by 62% compared to the fraction #22. The substantial elimination of the mature form 
in the successive elution fractions indicates the possibility of achieving similar ratio as in 
the Myozyme™ with further optimization of WAEC. However, the achieved purity level at 
this stage was used to estimate the bedside production cost.

Figure 4: Protein profile of elution fractions of weak anion exchange chromatography using sodium 
dodecyl sulfate polyacrylamide  gel  electrophoresis (silver staining). Mwt (kDa): Molecular weight 
ladder in kilodaltons; Lane A: Myozyme; Lanes b to F: Elution fractions #20, 21, 22, 23 and 24 
respectively. All samples were diluted to the same protein concentration except sample (A) which has 
2x higher protein concentration.
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Figure 5: Ratio of mature form to precursor form in Myozyme and elution fractions #22, 23 and 24 
from weak anion exchange chromatography based on protien band density.

3.3. Study of glycosylation profile using lectin binding affinity
The binding affinities between the immobilized lectins and glycans attached to proteins were 
studied using surface plasmon resonance to demonstrate the binding profiles of produced 
rhGAA and Myozyme™. After first chromatographic process (LAC), the partially purified 
rhGAA was compared to Myozyme™. The binding responses of rhGAA to 7 different lectins 
were different compared to Myozyme™; however, similar profiles were observed for 8 lectins 
(Figure 6). The binding differences could be justified by the presence of other glycoproteins, 
in addition to rhGAA, since the used sample of rhGAA was partially purified using LAC. 
interestingly, both Myozyme™ and partially purified rhGAA showed similarities in binding 
to Con A, GNL and PSA lectins that have primary binding specificities to mannose (Table 
1). Noting that Con A can bind to phosphorylated or non-phosphorylated high mannose 
glycans [40, 41]. in addition, the cellular uptake of extracellular GAA is mediated by Ci-M6P 
receptors through terminal mannose-6-phosphate residues on the GAA [23]. Therefore, 
the binding affinity to Con A could give an indication for the cellular uptake behavior of 
rhGAA compared to Myozyme, which showed to be similar. 
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Figure 6: binding response for different types of lectins to Myozyme and partially purified recombinant 
human acid alpha glucosidase (rhGAA). *: p < 0.05. Note: The used rhGAA was partially purified 
using lectin affinity chromatography.

3.4. Cost estimation for bedside production
Production of high volumes of therapeutic proteins on smaller scales is feasible due to 
advances in technology and bioprocessing [12, 13]. The efficient production on small-scale 
cuts the required costs for space, equipment and materials; therefore, the production cost 
can be reduced [12, 13]. 

To estimate this cost, the major requirements for capital and out-of-pocket expenses of 
bedside production were identified and the production scheme was designed based on the 
gained experience of small-scale production of rhGAA in which upstream process (protein 
synthesis) and downstream process (filtration and chromatography) were performed. Also, 
a fill and finish process is required to facilitate the handling and storage of drug batches. in 
addition, the quality of produced drug needs to be tested before use which is suggested to 
be performed by an external analytical lab. The proposed production platform consists of 
four major phases which are upstream process (USP), downstream process (DSP), fill and 
finish process and drug testing. For better practice, the production process is performed 
in a single-use mode to avoid cross-contamination and using a GMP-graded equipment 
and materials. The required equipment and materials that have high impact on the final 
cost were considered. For the equipment, the lifespan of pharmaceutical equipment (15 
years) was applied to calculate the depreciated cost per year [42]. For the materials, their 
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direct costs were considered since they are used for one time (single-use). The prices were 
collected through manufacturer website or written communication since the prices of large 
scale equipment and materials are based on request.

For USP, the established research CHO cell line requires an optimization to be in 
compliance with cGMP and to generate a master cell bank (MCb) which costs $750,000 
(Abzena, Cambridge, United Kingdom, written communication, January 2019). The lifespan 
of MCb is indefinite; however, the MCb is used to produce a therapeutic protein during its 
commercial lifecycle which lasts for 33 years on average [43, 44]. This life cycle was applied 
to calculate the depreciated cost of the optimized GMP cell line which is $22,727/year. 
Large stock of working cell bank (WCb) can be generated from MCb to be used for cell 
expansion and protein synthesis. 

Ready-to-process wave 25 rocker (GE) is used for cell expansion and protein synthesis 
at a depreciated cost of $5,526/year, since the one-off cost is $82,884 (GE, written 
communication, Dec 2018). The wave bag rocker can carry up to 50 L bags and it runs 
in a single-use mode with disposable wave bags, probes and flow paths to avoid cross 
contamination. The major materials that are required for cell expansion and protein synthesis 
are 10 L wave bag (for cell expansion), 50 L wave bag (for protein synthesis) and culture 
medium which cost $234, $258 and $69/L, respectively [45, 46]. The maximum operating 
volume for a wave bag is half of the capacity [47]. based on the small-scale production, the 
required seeding cell density for protein synthesis is 0.2 x 106 vc/mL. This can be achieved 
when seeding an initial cell density of 0.05 x 106 vc/mL for three days (average doubling 
time is 24 hours) [48]. A 10 L bag filled with 5 L of culture medium is used to expand the 
required number of cells for protein synthesis on 25 L scale. The protein synthesis takes 14 
days to yield 474 mg of rhGAA/L or 11.85 gram/25 L (one batch).

For DSP, the produced rhGAA needs to be purified through filtration and chromatographic 
methods. For filtration process, the KML 100 cross-flow filtration system (Repligen, MA, 
United States) is used which can manage volumes up to 100 L [49]. The depreciated cost 
of this system is $3,429, with one-off cost of $51,440 (Repligen, written communication, 
January 2019). before chromatographic process, 25 L of the cell culture medium needs to 
be microfiltered through 0.2 µm (product no. N06-M20U-06-S, Repligen) and ultrafiltered 
through 10 kDa MWCO (product no. N06-E010-05-S, Repligen) using single-use hollow 
fiber filters which can process up to 50 L and cost $1,094 and $1,506, respectively (Repligen, 
written communication, January 2019). based on the filter properties and flow rate (200 
mL/min), the processing times for microfiltration and ultrafiltration are expected to be 2.2 
and 2.1 hours, respectively [50]. before and after the second chromatographic process, two 
ultrafiltration (10 kDa MWCO) steps need to be performed for volumes up to 2 L using 
single-use hollow fiber filter (Product no. D06-E010-10-S, Repligen) which can process up 
to 3 L and cost $381 [51]. based on the filter properties and flow rate (200 mL/min), the 
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processing time for both ultrafiltration steps is expected to be 0.4 hour [50]. 
For chromatographic process, ÄKTA ready (GE) is used which is a single-use system with 

disposable resins and flow paths to avoid cross contamination [52]. The depreciated cost of 
this system is $15,000 per year, with one-off cost of $225,000 (GE, written communication, 
December 2018). The major materials that are required for chromatographic process are 
Con A/S4b resin for LAC and DEAE/SFF resin for WAEC (GE). 

For LAC (first chromatographic method), the required binding capacity of Con A is 13 
g/L, since one batch contains 11.85 gram of rhGAA, which costs $7,560 [53]. The suitable 
flow rate for Con A is 100 mL/minute, since 0.1 mL/minute was used for column size 1 mL 
during small-scale production and the size of resin was increased by 1000 times. Therefore, 
it will take 15 hours to complete the run for 25 L that consists of conditioning (5 CV), 
loading (25 CV), washing (14 CV), elution (21 CV) and holding (4 hours) steps. based 
on the small-scale production, the recovery of rhGAA after LAC was approximately 80% 
from two elution fractions. Therefore, it is expected to recover 9.5 grams of rhGAA in two 
column volumes (or 2 L). As mentioned earlier, an ultrafiltration step is performed before 
second chromatographic step.

in the WAEC, the binding capacity of DEAE/SFF is 13 g/0.5 L and costs $570 which can 
capture most of rhGAA after LAC (9.5 gram) [54]. The suitable flow rate for DEAE/SFF is 
50 mL/minute, since 0.5 mL/minute was used for column size 5 mL and the size of resin was 
increased by 100 times. Therefore, it will take 2.2 hours to complete the run for 2 L that consists 
of conditioning (2 CV), loading (4 CV), washing (2 CV) and elution (5 CV) steps. based on 
gained experience, the recovery of rhGAA after WAEC is approximately 70%; and similar result 
was achieved in another study [55]. Therefore, it is expected to recover 6.7 grams of rhGAA.

After chromatographic process, 6.7 grams of rhGAA is diafiltered using a single-use hollow 
fiber filter, as mentioned earlier, to the final buffer solution at a concentration of 5 mg/mL, as 
the concentration of Myozyme™, to generate a total volume of 1,340 mL. During fill and finish 
process, this volume (1,340 mL) is filled into sterile closed vials (10 mL/vial) to generate 134 
vials using the crystal M1 filling station (Aseptic technologies, isnes, belgium) which has a 
capacity to fill 180 vials/hour under aseptic condition in a biosafety cabinet [56]. The depreciated 
cost of the filling station is $6,097, with one-off cost of $91,449 (Aseptic technologies, written 
communication, Jan 2019). A biosafety cabinet is needed to install the filling station. The 
depreciated cost for a 5 feet width cabinet is $837, with one-off cost of $12,549 [57]. 

Other requirements for this approach are the quality testing of produced drug and 
workforce. Each drug batch should be tested for the quality specifications before use which 
is suggested to be performed by an external analytical lab costing $2,858/batch (Hologic, 
MA, United States, written communication, January 2019). Lastly, the proposed bedside 
production requires at least two pharmacists to manage and run the process with yearly 
wage of $37,500 per person [58].
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Given the above, the production time for one batch of rhGAA takes 18 days; and 
therefore, twenty batches of rhGAA can be produced per year. To calculate the cost per 
batch for cell line, equipment and workforce, their yearly costs were divided by the number 
of produced batches per year. in Table 2, the details of major requirements for the bedside 
production of rhGAA are presented including the cost, time and rhGAA yield for each 
phase. Using this approach, it is expected to yield 6.7 grams of ready-to-use rhGAA per 
batch with a total cost of $23,343 (or $3,484/gram) (Figure 7). Myozyme™ costs $597.4 per 
vial that contains 50 mg; and therefore, the cost of one gram is $11,948 [31]. in comparison, 
the bedside production would offer a reduction in the treatment cost by 71% compared to 
Myozyme™. The proposed bedside production platform can generate 20 batches of rhGAA 
per year (20 batches x 6.7 grams per batch = 134 grams) which enables the treatment of 
14 children (average body weight of 20 kg) or four adults (average body weight of 70 kg) 
who receive 20 mg/kg every two weeks for one year. Taking into consideration that the 
production platform can be upscaled or downscaled based on the number of patients and 
required amount of rhGAA; and the cost would be influenced accordingly.

Figure 7: Scheme of bedside production approach to produce one batch of recombinant human acid 
alpha-glucosidase (rhGAA) in a single-use process. Note: Some pictures from web sources were used 
in the figure for illustration purpose [49, 52, 57, 59, 60].
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Table 2: The required equipment and materials in each phase of bedside production to generate one 
batch of rhGAA.

Phase Step Equipment Cost ($)/
batch*

Material Cost ($)/
batch

Time 
(Hrs.)

Rec.
rhGAA 
(g)

Cell bank Generation of 
master/working 
cell bank in 
compliance with 
current good 
manufacturing 
practice

Out-sourced 1,136 (Dep.: 
22,727)

NA NA 0# NA

Up-
stream 
process

Cell
expansion

Ready to
Process
WAVE 25
Rocker

276 (Dep.:
5,526)

Wave bag (10 L) 234 72 11.9
5 L of culture 
medium for 
10 L bag

345 (69/)

Protein
synthesis

Wave bag (50 L) 258 336
25 L of culture 
medium for
50 L bag

1,725 
(69/)

Down-
stream 
process

Filtration
process

KML 100 
cross-flow 
filtration
system

172 (Dep.:
3,429)

Microfilter
(0.2 µm) before 
chromatographic 
process

1,094 2.2 11.9

Ultrafilter
(10 kDa 
MWCO) before 
chromatographic 
process

1,506 2.1

Ultrafilter
(10 kDa MWCO) 
after first 
chromatographic 
process

381 0.2

Ultrafilter
(10 kDa 
MWCO) after 
chromatographic 
process

381 0.2

Chromatographic 
process

ÄKTA
ready

750 (Dep.:
15,000)

Con A sepharose 
4b resin

7,560 15 9.5

Diethylamino-
ethyl sepharose 
fast flow resin

570 2.2 6.7

Fill and 
finish

Filling, sealing,
and capping

Crystal M1 
filling station

305 (Dep.:
6,097)

NA NA 0.75 6.7

biosafety 
cabinet

42 (Dep.:
837)

NA NA

Hrs.: Hours; Rec. rhGAA (g): Recovered amount of recombinant human acid alpha-glucosidase after each step (in 
gram); Dep.: Depreciated cost per year in US dollar; NA: Not applicable.
* The depreciated cost per year was divided by the number of batches (20) that are produced per year to get the 
cost per batch.
# The master/working cell banks are provided ready-to-use.
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4. Conclusions

Small-scale production of rhGAA was performed through establishing a CHO suspension 
cell line to produce rhGAA; and subsequently, rhGAA was purified using filtration and 
chromatographic methods. This small-scale production was used to estimate the bedside 
production cost of rhGAA considering the major requirements for production, testing and 
workforce. The expected treatment cost using this approach is $3,484/gram which is lower 
by 71% compared to the treatment cost using Myozyme™ ($11,948/gram). in principle, the 
bedside production approach could be a viable option to increase the access of patients 
to orphan drugs. Moreover, the healthcare budgets in high-income countries are under 
pressure, a 4-fold reduction in price is also desired as this would free-up budget for 
reimbursement of other highly needed medicines [61, 62]. Currently, a pilot drug production 
is under development in a hospital pharmacy which will give more insight into the actual 
production costs and unforeseen technical hurdles towards the real implementation.
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Appendix: Supplementary data

Figure S1: Amino acid sequence of rhGAA.

Figure S2: Purification chromatogram of CHO cell culture supernatant using lectin affinity 
chromatography.
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Figure S3: Purification chromatogram of the elution fractions from lectin affinity chromatography 
step using weak anion exchange chromatography.

Table S1: Feeding scheme during fed-batch production. 

Day Feed (mL) Cys/Tyr (mL)

0 0.6 0.06

3 1.2 0.12

4 1.2 0.12

5 1.8 0.18

6 1.8 0.18

7 1.2* 0.2*

8 0 0

9 0 0

10 1.2 0.12

11 1.2 0.12

12 1.8 0.18

13 0.6 0.06

14 1.2* 0.2*

15 0 0

16 0 0

17 0** 0

At day zero, CHObC® cells were seeded at 0.5x106 vc/mL in 30 mL medium without selection agent. *Glucose= 10 
g/L; **All cultures are aborted, unless viability < 50%.
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Abstract

Objective: Development costs of orphan drugs are expected to be lower than non-orphan 
drugs mainly due to the high success rates and small clinical trials. However, the prices of 
orphan drugs are higher than non-orphan drugs which is often set to enable the recoup 
of investment and generate profits from small pool of patients. Estimation the recoup of 
investment through analysis of development costs and profits could give an indication for 
the validity of this justification

Methods: Using publicly available data, we estimated the recoup of investment for 16 orphan 
drugs (8 metabolic drugs and 8 oncology drugs) based on their development costs (pre- 
and post-approval) and their profits (actual and estimated for 20 years) after deduction of 
direct expenses that include cost of goods sold, selling expenses, general and administrative 
expenses (named:  gross profits).
Outcomes: Median development costs, gross profits and recoup of investment for the 
selected orphan drugs, which presented in groups (all selected drugs, metabolic drugs and 
oncology drugs).

Results: The median development cost (pre- and post-approval) for all selected drugs 
was estimated at $779 million (range, $274 to $8,588 million), where the metabolic and 
oncology drugs costed $550 and $2,103 million, respectively. Notably, the median costs of 
post-approval represented 48%, 65% and 61% of total costs for metabolic, oncology and all 
selected drugs, respectively. The median gross profit for all selected drugs was estimated at 
$3,508 million (range, $222 to $69,516 million), in which the metabolic and oncology drugs 
estimated at $2,901 and $8,199 million, respectively. The median recoup of investment for 
all selected drugs was estimated at 376% (range, -34% to 852%), where the metabolic and 
oncology drugs estimated at 476% and 264%.

Conclusions: The financial performance for the selected orphan drugs powered the recoup 
of investment by four times. This performance may be driven by the high prices. These 
findings may not represent majority of orphan drugs; however, it shows that there is a need 
for a careful pricing of orphan drugs, through using other approaches such as cost-based 
approach, to avoid overpricing that would influence the access to these drugs.
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1. Background

in 1983, the Orphan Drug Act was introduced in the United States as the first legal act 
to promote the drug development for rare diseases [1]. Other regulatory jurisdictions 
came with specific legislations in the following decades, including Europe in 2000 [2]. by 
definition, an orphan disease is a rare disorder or condition affecting only a small number 
of individuals [3]. The Orphan Drug Act defines a rare condition as one with an absolute 
number of less than 200,000 in the USA [4]. in the European Union (EU), the orphan 
regulation was implemented in 2000 and it defines a rare disease as a life-threatening 
or chronic debilitating condition with a prevalence of less than 5 in 10,000 European 
population [5, 6]. There are an estimated 7,000 rare diseases and approximately 80% are 
genetic in origin [7]. The number of patients with rare diseases are approximately 350 
million worldwide (4.6% of population), 30 million in USA (10% of population), and 30 
million in Europe (4% of population) [8]. Children represent one-half to two-thirds of the 
affected individuals, and 30% of them die before the age of five [9–11]. 

Regulatory authorities across the world have provided the support for orphan drug 
developers through various sets of incentives. For example, the U.S. Food and Drug 
Administration (FDA) provides 7 years of marketing exclusivity which may be extended 
with 6 months when provide a paediatric study [12]. in addition, a tax credit equal to 50% 
of clinical expenses, exemption from the Prescription Drug User Fee Act application fees, 
FDA assistance in drug development planning and FDA grants to support the clinical 
research of orphan drugs [13]. The European Medicine Agency (EMA) gives the orphan 
drugs a marketing exclusivity for 10 years plus 2 additional years for a paediatric study [14]. 
Also, the EMA offers access to the centralised authorisation procedure and reduced fees 
for regulatory activities such as protocol assistance, marketing authorization application, 
and inspection [15]. The European commission and other European institutions provide 
financial support for orphan drug developers but it is dependent on company’s size [15, 
16]. These efforts have boosted the development of orphan drugs to provide hundreds of 
therapeutic options to improve the quality of life for many patients with rare diseases. Up to 
2018, the FDA and EMA approved 503 and 164 orphan drugs, respectively [17, 18]. 

The regulatory incentives have played a major role in this success. However, the access 
to orphan drugs are constrained mainly due to high prices [19]. in 2017, the average annual 
treatment cost with orphan drugs was $147,308 compared to $30,708 for non-orphan 
drugs [20]. The treatment costs using orphan drugs are usually exceed the conventional 
cost-effectiveness thresholds (CETs), especially for ultra-rare diseases [21]. in eight 
European countries, fourteen per cent of 101 approved orphan drugs received negative 
recommendations for reimbursement [22]. The access to orphan drugs in low- and middle-
income countries is more problematic due to high patient cost-sharing which would largely 
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limit the access, especially with low purchasing power of individuals [23–25].
Setting high prices is often correlated with disease prevalence to enable recouping of 

development costs and generating profits from small pool of patients [26, 27]. The average 
treatment costs for rare diseases with a prevalence of ≤ 50 to > 1 and ≤ 1 per 100,000 
people are $72,414 and $248,484, respectively [28]. Different pricing approaches are used 
such as internal/external pricing, value-based approach and negotiations. However, the 
limited access to orphan drugs which is mainly due to high prices requires employing other 
pricing approaches that can assist in setting an appropriate price to ensure fair access of 
patients to these drugs and benefit of manufacturers, without hurting the innovation in 
drug development. The cost-based approach employing rate of return model was suggested 
by Fellows et al to be used for the drugs that do not meet the CETs; also, similar approach 
was suggested by berdud et al [29, 30]. This approach can be a useful tool to establish 
a benchmark level during pricing of orphan drugs. However, adopting such approach 
requires an analysis of financial performance of orphan drugs to investigate their ability of 
recouping of investment and generating profits from small pool of patients.

in this study, we estimated the development costs for 16 orphan drugs. The gross profits 
were calculated after deduction of direct expenses that include cost of goods sold, selling 
expenses, general and administrative expenses. The ability of orphan drugs to recoup of 
their investment and generate profits were studied.

2. Data and methods

2.1. Main data source
The development costs and financial data were collected from the U.S. Securities and 
Exchange Commission through the annual financial report (Form 10-K or 20-F) of 
marketing authorization holder (MAH) [31]; except for the drug “Nexavar®”, the data was 
collected from the company website through the annual financial report [32]. 

2.2. Methods 

2.2.1.	Selection	of	orphan	drugs
Four criteria were used during selection of orphan drugs. Firstly, the drugs cost more than 
$40,000 per annum (criteria 1) were collected from the Medicare Part b and D programs of 
the U.S. Centers for Medicare & Medicaid Services [33]. Then, the approved orphan drugs 
by both FDA and EMA between 2000 and 2014 were determined (criteria 2) [34, 35]. After 
that, the authorization status of determined orphan drugs were checked and the drugs that 
still authorized were only included (criteria 3). The final step was to check the availability of 
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development costs and financial data through the annual financial reports (criteria 4) [31]. 
After this selection process, the metabolic orphan drugs (MODs) and oncology orphan 
drugs (OODs) were included for the study.

2.2.2.	Development	costs

2.2.2.1.	Pre-approval	costs
The data collection was started when the selected drug entered the first clinical development 
phase. The costs were collected either directly (actual cost) or indirectly (weight-based 
method). For weight-based method, the phases (clinical and registration) for a specific drug 
was weighted to total weight of all phases for all drugs every year. The phases were weighted 
according to the annual survey 2018 by Pharmaceutical Research and Manufacturers of 
America (PhRMA), as follows: preclinical (15.6%), clinical phase 1 (8.7%), clinical phase 2 
(11.6%), clinical phase 3 (29.9%), registration (3.9%), phase iV (11.4%) and others (18.8%) 
[36]. The total research and development expenses that spent during the year of collection 
were distributed according to the weight. The phases that initiated, opened, completed 
or ongoing were counted, while planned phases were not. in addition, phase 1/2 and 2/3 
were allocated as phase 2 and phase 3, respectively; and the uncategorized phases were 
allocated into others. The data collection was ended when the selected drug received the 
first approval by either FDA or EMA. The resulted cost represents pre-approval clinical cost. 
After estimation of this cost, the weight-based method was also employed to calculate the 
preclinical cost using the formula 1 (Table 1). The sum of costs (pre-clinical and clinical) 
represents the total pre-approval costs.

2.2.2.2.	Post-approval	costs
The data collection was started in the year following the first approval by FDA or EMA. 
The costs were collected either directly (actual cost) or indirectly (weight-based method), 
as explained earlier. The data collection was continued until 2018; except for five drugs as 
follows: 1) For the drugs “Revestive®, VPRiV® and Elaprase®”, the last available data was in 
2017 due to acquisition of Shire Plc by Takeda in Jan 2019; 2) For the drugs “Myozyme® and 
Fabrazyme®”, the last available data was in 2010 due to acquisition of Genzyme in 2011 by 
Sanofi that did not report the development phases for commercial drugs.

2.2.3.	Financial	data

2.2.3.1.	Actual	data
The data collection was started in the same approval year by FDA or EMA. The gross profit 
margin (formula 2) for MAH was calculated and multiplied in the drug’s net sales which 



|    Chapter 4

88

resulted in drug’s gross profit (DGP) (Table 1). The data collection was continued until 
2018; except for “Revestive®, VPRiV® and Elaprase®”, the last available data was in 2017 due 
to acquisition of Shire Plc by Takeda in Jan 2019. 

2.2.3.2.	Estimated	data
To complete 20 years of financial data, the compound annual growth rate (CAGR) for DGP 
was calculated for the last five years (formula 3); except three years for the drug “Revestive®” 
due to acquisition of Shire Plc by Takeda in Jan 2019 (Table 1). The drug’s gross profit for 
remaining years to complete 20 years was estimated using the formula 4, where a decrease 
by 30% was included (Table 1).

2.2.4.	Recoup	of	investment
The total development cost was deducted from the total DGP and divided by total 
development cost (formula 5). in addition, the recoup of investment (RCOi) from only the 
actual DGP was estimated.

2.2.5.	Sensitivity	analysis
The sensitivity of findings was tested towards two main variables which are collection 
method of development cost and company’s gross profit margin (CGPM). To test the 
collection method, the data of 5 orphan drugs collected directly (actual costs) were used 
as restricted data and compare it with all data that include development costs collected 
either directly or indirectly. To test the CGPM, the minimum and maximum margins that 
reported by MAHs were applied to DGPs to calculate the minimum and maximum DGPs 
and RCOis.

2.2.6.	Data	analysis
All financial figures were adjusted for inflation using the gross domestic product implicit 
price deflator for 2018. Data was analyzed using Excel 2016 (Microsoft) and presented using 
GraphPad Prism 8.1.1 for Windows (GraphPad Software). The median was used to measure 
the central tendency of dataset since the data distribution is not symmetrical. Data analysis 
was conducted from March 2019 to April 2019.
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Table 1: The formulas that used in calculation of development costs and financial data.

No. Formula

1 Pre-approval preclinical development cost = 
[ 15.6% ÷ (100%-15.6%)] × pre-approval clinical development cost

2 MAH’s gross profit margin = 
(Net sales of all drugs – All direct expenses) ÷ Net sales of all drugs
Note: Direct expenses include cost of goods sold, selling expenses, general and administrative 
expenses.

3 CAGR = 
[ (End value ÷ Start value) (1 ÷ Number of years between values)] - 1

4 Estimated drug’s gross profit to complete 20 years = 
[ (Average of last 5 years of drug’s gross profit × Number of remaining years) + (Average of last 5 years 
of drug’s gross profit × Number of remaining years × CAGR)] × 70%

5 Recoup of investment (%)=
[ (Drug’s gross profit – total development cost) ÷ total development cost] × 100%

MAH: Marketing authorization holder; CAGR: Compound annual growth rate (CAGR).

3. Results and discussion

3.1. Selection of orphan drugs
The upper conventional CET used by the National institute for Health and Care Excellence 
(£30,000 or $39,000 per quality-adjusted life year) was used to identify the drugs that 
exceed this threshold [37]. From this selection, the approved orphan drugs between 2000 
to 2014 by FDA and EMA were selected. The year 2000 was set as minimum inclusion year 
to find the clinical development data; and the year 2014 was set as maximum inclusion 
year to collect at least 5 years of financial data. The approval by both FDA and EMA, at any 
time between 2000-2014, was required for the selected orphan drugs as key approvals to 
access U.S. and European markets. Lastly, the found drugs were checked for their marketing 
authorization status and availability of clinical and financial data.

The selection criteria resulted in 8 metabolic drugs, 8 oncology drugs, 3 autoimmune/
inflammation drugs, 3 hematology drugs, 2 cardiovascular drugs and 1 pulmonary drug. 
The drugs for metabolic and oncology diseases were only included in this study, since other 
diseases have few drugs that are not sufficient to perform an analysis representing these 
diseases (Table 2). The details of selection steps and outputs can be found in Supporting 
file 1. 



|    Chapter 4

90

Table 2: Details of 16 orphan drugs that were selected for analysis of financial performances.

Brand name
of drug
(FDA/EMA)

Disease
area

Simplified
Indication

Molecular
type/size

First
approval
date (by)

Annual
treatment
cost ($)

First
MAHa

Aldurazyme Metabolic/
endocrinology

Mucopoly-
saccharidosis i

New/
Large

30-Apr-2003
(FDA)

230,016 bioMarin

Elaprase Metabolic/
endocrinology

Mucopoly-
saccharidosis ii

New/
Large

24-Jul-2006
(FDA)

78,616 Shire

Fabrazyme Metabolic/
endocrinology

Fabry
disease

New/
Large

03-Aug-2001
(EMA)

191,467 Genzyme

Gattex/
Revestive

Metabolic/
endocrinology

Short-
bowel
syndrome

New/
Large

30-Aug-2012
(EMA)

117,109 Shire

Kuvan Metabolic/
endocrinology

Phenyl-
ketonurias

New/
Small

13-Dec-2007
(FDA)

98,017 bioMarin

Myozyme Metabolic/
endocrinology

Glycogen
storage
disease
type ii

New/
Large

29-Mar-2006
(EMA)

531,222 Genzyme

Vimizim Metabolic/
endocrinology

Mucopoly-
saccharidosis,
type iVA

New/
Large

14-Feb-2014
(FDA)

164,861 bioMarin

VPRiV Metabolic/
endocrinology

Gaucher
disease

New/
Large

26-Feb-2010
(FDA)

239,965 Shire

Median for MODS 178,164

Adcetris Oncology Hodgkin
disease

New/
Large

19-Aug-2011
(FDA)

86,149 Seattle
genetics

Afinitor Oncology Renal
cell
carcinoma

New/
Small

02-Aug-2009
(EMA)

57,158 Novartis

Jakafi/Jakavi Oncology Chronic
idiopathic
myelofibrosis

New/
Small

16-Nov-2011
(FDA)

84,174 incyte

Lynparza Oncology Ovarian
cancer

New/
Small

16-Dec-2014
(EMA)

43,098 Astrazeneca

Nexavar Oncology Renal
cell
carcinoma

New/
Small

20-Dec-2005
(FDA)

42,370 bayer

Pomalyst/
imnovid

Oncology Multiple
myeloma

New/
Small

08-Feb-2013
(FDA)

77,397 Celgene

Revlimid Oncology Multiple
myeloma

New/
Small

27-Dec-2005
(FDA)

81,706 Celgene

Tasigna Oncology Chronic
myelogenous
leukemia
(+ bCR-AbL)

New/
Small

29-Oct-2007
(FDA)

78,790 Novartis

Median for OODs 78,094

FDA: U.S. Food and Drug Administration; EMA: European Medicine Agency; MAH: Marketing authorization 
holder; MODs: Metabolic orphan drugs; OODs: Oncology orphan drugs.
a MAH in the first approval either by FDA or EMA.
Note: Drugs were listed first according to the disease areas then alphabetically for brand names.
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3.2. Development costs
The pre- and post-approval costs for five orphan drugs (3 MODs and 2 OODs) were 
reported directly as actual costs in the annual financial reports (Table 3). For Elaprase®, only 
the pre-approval cost was reported directly by Transkaryotic Therapies, inc.; however, the 
post-approval cost was estimated using weight-based method as explained earlier due to 
acquisition by Shire. For the remaining orphan drugs (10), the pre- and post-development 
phases were also estimated using weight-based method (Supporting file 2). During data 
collection, the occurrence of phases was recorded whether the phase was new or still 
ongoing. The development data showed that the median occurrence of phases during 
pre- or post-approval period for OODs was higher three times than MODs (Figure 1). 
in addition, the post-approval phases represented 40%, 41% and 30% of total phases for 
MODs, OODs and all drugs, respectively (Figure 1).

Figure 1: Median occurrence and weight ratio (%) of development phases for metabolic, oncology 
and all drugs. This analysis included ten orphan drugs that collected through weight-based method. 
Note: Preclinical phase was not included.

For all selected drugs, the pre-approval clinical cost was estimated at $299 million 
(range, $56 to $2,916 million), where MODs and OODs costed $206 and $459 million, 
respectively (Table 3). The clinical development time was similar for both MODs and 
OODs at 6.5 years (Table 3). The high pre-approval clinical cost for OODs compared to 
MODs could be driven by high occurrence of development phases (Figure 1). in addition, 
the median prevalence of diseases that are treated using OODs was higher at 17.5 compared 
to MODs at 1.7 per 100,000 people, which may require recruitment of a higher number of 



|    Chapter 4

92

participants in the clinical trials (Table 3). When tested the relation between the disease 
prevalence and pre-approval clinical costs, a linear correlation (R²=0.55) was observed 
which may support this assumption (Supporting file 3). Conducting high number clinical 
trials and recruitment large number of participants would increase the development costs 
substantially, as reported in another study [38]. 

For preclinical development phase, the starting year was not available for most selected 
drugs; for that, the preclinical cost was estimated using weight-based method since the 
pre-approval cost is known except preclinical. For all selected drugs, the median cost of 
preclinical phase was estimated at $55 million (range, $10 to $539 million), in which MODs 
and OODs costed $38 and $85 million, respectively (Table 3). 

The sum of pre-approval costs gives a median cost of $354 million (range, $66 to $3,455 
million) (Table 3). Particularly, the MODs has lower pre-approval cost ($244 million) 
compared to OODs ($544 million) due to differences in the clinical development as 
explained earlier. Our findings were similar to another estimate reported by Prasad et al 
for 10 oncology drugs (9 of them orphan), where they collected the development data from 
the same data source (U.S. Securities and Exchange Commission) [39]. They estimated 
the median cost and time of pre-approval development at $648 million (as in 2017) and 
7.3 years, respectively; and our findings were $544 million (as in 2018) and 6.5 years, 
respectively [39]. Although the method used to estimate development cost was different; 
however, the estimates were similar.

Notably, the post-approval costs continued to increase substantially and estimated at 
$404 million (range, $99 to $6,928 million) for all selected drugs, where MODs and OODs 
costed $264 and $1,398 million, respectively (Table 3). The median time of post-approval 
development was similar for all drug groups at 8 years. The increase in the post-approval 
cost was driven by post-marketing commitments or continuing of development, in which 
the post-approval phases represented 40%, 41% and 30% of total phases for MODs, OODs 
and all drugs, respectively (Figure 1). When tested the correlation between the occurrence 
of post-approval phases and their costs, a linear correlation (R²=0.77) was observed 
(Supporting file 3). 

The total of pre- and post-approval costs gives a median development cost at $779 
million (range, $274 to $8,588 million) for all selected drugs, in which MODs and OODs 
costed $550 and $2,103 million (Table 3). in addition, the total of pre- and post-approval 
development times was similar for all drug groups at 14.5 years (Table 3). Remarkably, 
the post-approval costs represented 48%, 65% and 61% for MODs, OODs and all selected 
drugs, respectively (Table 3). The high post-approval cost for OODs compared to MODs 
was due to difference in the post-approval phases. When perform analysis for the type of 
phases, 83% of post-approval phases for MODs were other phases (weight 18.8%), which 
were usually reported as post-marketing commitments (Supporting file 2). For OODs, the 
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majority of post-approval phases (42%) was clinical phase 3 (weight 29.9%), which could 
be intended for indication extension (Supporting file 2). in addition, when analyze the costs 
on drug-to-drug level, the highest post-approval costs were observed for Fabrazyme® (88%), 
Nexavar® (85%) and Revlimid® (95%) (Table 3). For Nexavar®, the development phases 
were not available since the development cost was collected directly. For Fabrazyme® and 
Revlimid®, the ratio of post-approval phases to total phases were the highest among MODs 
and OODs at 73% and 70%, respectively (Supporting file 2). The differences in development 
costs between MODs and OODs were driven by occurrence and type of phases during pre- 
and post-approval development, although the development time was similar. This shows 
that the development costs of orphan drugs could differ largely from one disease area to 
another.

3.3. Financial data
The financial performance for a pharmaceutical firm can be analyzed through gross profit, 
operating profit or net income. The operating profit and net income include expenses 
for all operations and activities for all drugs in firm’s portfolio. Therefore, these financial 
indicators are not suitable to analyze the performance of a specific drug. For that, we 
employed the DGP that was calculated by deducting cost of goods sold from net sales of 
a specific product. in addition, we improved the estimation of drug profitability through 
deducting the direct expenses that were related to drug’s selling and marketing which were 
reported in the annual financial reports as selling, general and administrative expenses. 

The actual financial data was collected with a median period of 10 years (range, 4 to 18 
years) for all selected drugs; in which the duration of data for MODs and OODs were 11 and 
8 years, respectively (Table 4). Since the expected economic life of commercial drugs ranges 
from 20 to 25 years, we estimated the profits for the remaining of the years to complete 20 
years period based on the actual CGPM and CAGR in the last 5 years [41–43]. in addition, 
introduction of first generic or biosimilar drug results in average price reduction by 25-27% 
of the brand price; for that, we included a decrease in the DGP by 30% for the estimated 
years [44, 45]. For all selected drugs, the median period for the estimated data was similar 
to actual data at 10 years (range, 2 to 16 years), in which the duration for data of MODs and 
OODs were 9 and 12 years, respectively (Table 4). Since the actual CGPM will be employed 
for cost estimation, the median gross profit margins for companies that have MAH for the 
16 orphan drugs were analyzed. The median CGPM was 39% (range, 19% to 71%) for all 
selected drugs, in which the MODs and OODs were 40% and 38%, respectively (Table 2 and 
Table 5). Although the median of CGPMs are similar for all groups; however, it is highly 
varied on drug-to-drug level due to different performance of companies. 
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For all selected drugs, the median of actual and estimated DGPs were $2,313million 
(range, $74 to $39,563 million) and $1,689 million (range, $148 to $29,953 million), 
respectively (Table 4). The total DGP was estimated at $3,508 million (range, $222 to 
$69,516 million), where the median of estimated DGP represented half of total DGP (Table 
4). For MODs and OODs, the medians of total DGPs were $2,901 and $8,188 million 
(Table 4). The high profits for ODDs could be driven by the large number of patients since 
the median prevalence for oncology diseases was higher than metabolic diseases (Table 
3). Aldurazyme® and Revlimid® recorded the lowest ($222 million) and highest ($69,516 
million) DGPs, respectively; and notably, their development costs were the lowest for 
Aldurazyme® and the second to highest for Revlimid® (Table 4 and Figure 2).

3.4. Recoup of investment
Considering the actual and estimated DGPs, the median RCOi for all selected drugs was 
estimated at 376% (range, -34% to 852%), in which the MODs and ODDs were 476% and 
264%, respectively (Table 4 and Figure 3). Fourteen out of sixteen orphan drugs expected 
to recoup their investment. The Revlimid® recorded the highest RCOi (852%) driven by the 
highest DGP ($69.45 billion) that represented 9.5 times of its development cost (Table 3 and 
Table 4). When consider the actual DGPs only, the medians of RCOis were 225%, 87% and 
128% for MODs, OODs and all selected drugs (Supporting file 4). in both estimations, the 
median of RCOi for MODs was higher than ODDs that might be driven by high treatment 
cost, since the median treatment cost of MODs ($178,164) is two folds higher than OODs 
($78,094) (Table 2).

Estimating the return of investment (ROi) requires considering the indirect expenses 
such as depreciation, amortization and interests. These expenses are reported for all 
operations, activities and drugs (commercial and under-development). For that, we 
could not draw an estimation for ROi. in addition, after deduction of all expenses (net 
profit), a tax rate of less than 20% was reported by most MAHs (data not shown) taking 
into consideration that the U.S. corporate tax rate was recently reduced from 35% to 21% 
and became effective in 2018 [46]. Given the high recoup of investment with 4 folds, these 
orphan drugs may yield a considerable ROis after deducting of indirect expenses and taxes.
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Figure 2: Details of development costs (until last available data), gross profits (20 years of actual 
and estimated profits) and recoup of investment (%) for A. Eight metabolic orphan drugs; B. Eight 
oncology orphan drugs. * Direct development costs. # For Aldurazyme®, total development cost was 
$278 million that shared between bioMarin ($154 million) and Shire ($124 million); since the profits 
were collected from bioMarin only, the recoup of investment was calculated for bioMarin. a Adjusted 
to 2018 U.S. dollars.
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Figure 3: Median of development costs (until last available data), gross profits (20 years of actual and 
estimated profits) and recoup of investment (%) for 8 metabolic orphan drugs, 8 oncology orphan 
drugs and all orphan drugs. a Adjusted to 2018 U.S. dollars.

3.5. Sensitivity analysis
Two variables were used to test the sensitivity of findings which are the collection method 
for development cost and CGPM. These variables mainly determined the development 
costs and DGPs. Since there were 5 orphan drugs with direct (actual) development costs, 
these data were used as restricted data to compare their findings with all data (Table 3).

The medians of RCOis of all data were higher than the restricted data and ranged from 
28% to 48% (Table 5). This shows that the RCOis for all data may be overestimated or 
influenced by another variable. Notably, the median of CGPMs for restricted data was 
lower (31%) than all data (43%) (Supporting file 5). For that, the CGPMs were fixed at 
either minimum or maximum values observed in Table 4. As a result, variations in RCOis 
between all data and restricted data decreased at both margins and ranged from 4 to 28% 
(Table 5). The low variations between all data and restricted data reflect differences in 
collection method for development cost.

in addition, the differences in RCOis between all data and restricted data at minimum 
and maximum margins were ranged from 79% to 115% (Supporting file 5). Therefore, our 
findings are sensitive to the CGPM; however, this variable was based on the actual values 
that reported in annual financial reports.
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Table 5: Total development costs, total drug’s gross profits and recoup of investment based on 
sensitivity analysis.

No. Dataset Median
development

cost ($M)a

Median
drug’s gross
profit ($M)a

Recoup of
investment (%)

MODs OODs All
drugs

MODs OODs All
drugs

MODs OODs All
drugs

1 All data 550 2,103 779 2,901 8,188 3,508 476% 264% 376%

2 Restricted
data

296 1003 561 1,842 2,869 2,353 322% 206% 263%

%Deviation (all data /restricted data) 48% 28% 43%

3 Minimum
gross profit
margin
(19%),
all data

550 2,103 779 1,795 9,138 5,582 276% 215% 246%

4 Minimum
gross profit
margin
(19%),
restricted
data

380 1,003 629 1,548 2,819 1,892 237% 202% 237%

%Deviation (all data /restricted data) 16% 6% 4%

5 Maximum
gross profit
margin
(71%),
all data

550 2,103 779 3,304 16,869 10,165 541% 463% 502%

6 Maximum
gross profit
margin
(71%),
restricted
data

380 1,003 629 2,506 4,311 3,121 457% 362% 452%

%Deviation (all data /restricted data) 18% 28% 11%

MODs: Metabolic orphan drugs; OODs: Oncology orphan drugs. a Adjusted to 2018 U.S. dollars.
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4. Conclusions

The median RCOi for all selected orphan drugs was estimated at 376% based on the 
cumulative profits for 20 years which indicates an outstanding financial performance. 
Therefore, setting high prices to enable recoup of investment was not a valid justification for 
the analyzed drugs and this finding may extend to other orphan drugs. The generated high 
profits may be driven by the high prices. Therefore, using other approaches such as cost-
based approach could be useful to establish a benchmark level during pricing of orphan 
drugs to avoid overpricing that would influence the access to these drugs.

Supplementary	material
Supporting file 1 (selected drugs), supporting file 2 (development costs), supporting file 3 
(comparisons), supporting file 4 (financial data) and supporting file 5 (sensitivity analysis).

Availability	of	data
All data that used in this study can be found in the original article. For supporting files, 
please contact the corresponding author (Mohammed Aldosari; email: mhdosari@sfda.gov.
sa).
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Abstract

Acid sphingomyelinase (ASM), an enzyme encoded by the SMPD1 gene, is required for the 
hydrolysis of sphingomyelin into ceramide and phosphocholine. Mutation in the SMPD1 
gene leads to deficiency in ASM and the accumulation of sphingomyelin in various body 
tissues, thereby causing Niemann–Pick disease types A and b. Currently, there is no effective 
treatment available. Olipudase alfa (recombinant human ASM, rhASM) is an investigational 
new drug that was developed for treatment of Niemann–Pick disease type b and showed 
the ability to reverse the symptoms. However, dose-dependent toxicity was observed in 
mice at doses >10 mg/kg due to the systemic conversion of sphingomyelin by rhASM, 
which limited the maximum dose to 3 mg/kg. The loading of rhASM into a nanocarrier can 
minimise the systemic activity of rhASM; and therefore, enable the use of higher doses. To 
this end, rhASM was recombinantly produced using different host cell systems (Escherichia 
coli and CHO-k1 cells) to explore the suitability of these systems in terms of protein yield 
and enzyme activity. As shown herein, the yield of rhASM in Escherichia coli was 10 mg/L; 
however, the non-glycosylated rhASM had no enzymatic activity. The expression of rhASM 
in CHO-K1 cells was detectable but lower than the quantification limit. Therefore, both 
host cell systems were inappropriate for the transient expression of rhASM.
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1. Background 

The expression of the sphingomyelin phosphodiesterase-1 (SMPD1) gene results in acid 
sphingomyelinase (ASM; EC 3.1.4.12) as a 75-kDa pro-polypeptide that is modified in the 
endoplasmic reticulum and Golgi apparatus before being sorted based on post-translational 
modifications into lysosomes as a 70-kDa mature form (L-ASM) or secreted extracellularly 
as a 75-kDa precursor form (S-SMase) [1]. in lysosomes, the L-ASM converts sphingomyelin 
into ceramide [2]; however, certain mutations in SMPD1 lead to the accumulation of 
sphingomyelin due to decreased or entirely absent of ASM activity, which causes Niemann–
Pick disease (NPD) types A and b [3]. Although symptoms of NPD vary according to the 
residual enzymatic activity, the most common, noticeable symptoms for both types are the 
enlargement of the liver and spleen [3]. Patients with NPD type A exhibit a residual enzyme 
activity of <1%, which can cause neurodegenerative diseases; however, such neurological 
disorders are limited or absent in NPD type b given a residual enzyme activity of ~10% 
[4]. Due to ASM deficiency (ASMD), the sphingomyelin accumulates primarily in the 
lysosomes of macrophages, which are widely present in the liver and spleen [5]. 

Although no treatment is available for NPD types A or b, Sanofi Genzyme has 
developed an investigational drug (olipudase alfa) for the treatment of NPD type b that has 
no neurological involvement [6]. Olipudase alfa is a recombinant human ASM (rhASM) 
that is used as enzyme replacement therapy and showed to be effective to reduce the 
accumulation of sphingomyelin [6]. However, toxicity events reported at doses of ≥10 mg/
kg during the animal study due to the off-target degradation of sphingomyelin, presumably 
via the systemic bulk conversion of sphingomyelin in plasma membranes, which causes the 
systemic release of ceramide [7]. Such toxicity can be controlled by using a dose escalation 
approach up to 3 mg/kg [7].

A high dose of rhASM is necessary to achieve the required therapeutic effect since the 
uptake of rhASM into the affected cells is inefficient and not targeted. improving the targeting 
of rhASM to cells of the mononuclear phagocyte system, including macrophages in the 
spleen and Kupffer cells in the liver, can be improved by using an appropriate nanocarrier. 
it is anticipated that by using such a targeting approach, the required therapeutic dose 
can be minimised. Moreover, incorporating rhASM into a nanocarrier can provide a safer 
intervention by minimising the systemic activity of rhASM. 

in rats, bio-distribution studies with conventional liposomes without any surface 
modification—that is, without coating with poly(ethylene glycol)—have demonstrated 
that, within 2–4 h, most intravenously injected liposomes settle in macrophages of 
the liver and spleen, which are the most affected organs in patients of NPD type b [8]. 
Therefore, developing a liposomal rhASM formulation may provide a better targeting to the 
macrophages and reduce systemic toxicity.
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To prepare the liposomal rhASM formulations, rhASM should be produced and purified 
in a sufficient amount (5–10 mg/L) by using a suitable host cell system. ASM has 17 cysteine 
residues that form a total of eight disulphide bonds, all of which are crucial for enzyme 
activity and stability, as well as six N-linked oligosaccharide chains [9]. Although it remains 
unclear whether glycosylation has a direct role on enzyme activity, several studies have 
shown that glycosylation distorts the intracellular processing of ASM, which ultimately 
causes enzyme inactivity. For example, the glycosylation site near the C- terminus (no. 6) 
has a significant effect on the intracellular trafficking of ASM, and mutation at this site 
by replacing Asn520 with Gln has impaired the secretion of S-ASM and eliminated all 
L-ASM activity, presumably due to defective trafficking instead of the direct loss of enzyme 
activity [9, 10]. Another study has reported, albeit without showing the results, that the 
deglycosylation of rhASM under native conditions negates enzyme activity, possibly due to 
partial unfolding of enzyme [11].

For production of rhASM, the suitable host cell system in terms of yield (5–10 mg/L) 
and enzyme activity was investigated and two host cell production systems were considered: 
Escherichia coli (E. coli) and Chinese hamster ovary (CHO-K1). The production of rhASM 
in bacterial cells can provide a higher levels of protein expression than in mammalian cells 
[12]. in general, bacterial cells are not preferable production systems for glycoproteins given 
the lack of glycosylation machinery; however, using a nanocarrier that delivers rhASM to 
the target site abolishes the need for glycosylation for intracellular delivery and processing 
and can cloak rhASM from immune response [13]. Although bacterial cells normally 
do not promote the formation of disulphide bonds, since the bonds are crucial for ASM 
stability and activity, engineered bacteria that can promote disulphide bond formation 
inside the cytoplasm can be used [14–16]. in addition, CHO-K1 is a well-established cell 
line for producing therapeutic glycoproteins with human-like glycosylation [13]. For that, 
the CHO-K1 cell line was used to study the expression level and activity of rhASM.To that 
end, bacterial cells were transformed with plasmid containing the mature form of rhASM 
(m-rhASM). The protein expression was performed and m-rhASM was extracted from 
bacterial cells; then, solubilisation and reformation of disulfide bonds were performed. 
For CHO-K1 cells, they were transfected with plasmid containing the precursor form of 
rhASM (p-rhASM). The protein expression was performed and p-rhASM was extracted or 
isolated from cells or supernatant. For both host cell production systems, the cell lysate and 
supernatant were analysed using sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), western blot analysis, and enzyme activity assay for the detection and 
quantification of rhASM. 
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2. Materials and methods

2.1. Biological and chemical materials
The pET-29c (+) and pcDNA3.1 (+) vectors containing the coding sequence of m-rhASM 
and p-rhASM, respectively, were purchased from GenScript (Piscataway, NJ, USA). The 
NEb 5-alpha competent E. coli (DH5α) and shuffle T7 express competent E. coli (shuffle T7) 
were obtained from New England biolabs (ipswich, MA, USA). The CHO-K1 cell line was 
purchased from ATCC (Manassas, VA, USA). The PowerCHO serum-free medium came 
from Lonza (basel, Switzerland). The BamHi (10 U/L), EcoRi (10 U/L), bolt 4–12% bis-Tris 
plus gels, anti- hexahistidine-tag (6x His-tag) monoclonal antibody, Dulbecco’s modified 
Eagle medium with nutrient mixture F-12 (DMEM/F-12), and Opti-MEM reduced serum 
medium (Opti-MEM medium) were purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). The Bglii (10 U/L) was purchased from invitrogen (Carlsbad, CA, USA). 
Complete protease inhibitor cocktail (tablet) from Sigma–Aldrich (St. Louis MO, USA). 
Rabbit anti-human ASM polyclonal antibody (anti-ASM antibody) was purchased from 
bioss Antibodies (Woburn, MA, USA). Anti-rabbit igG conjugated with horseradish 
peroxidase was purchased from Cell Signaling Technology (Danvers, MA, USA). Linear 
polyethylenimine (PEi, molecular weight = 25,000 Da) was purchased from Polysciences 
Europe GmbH (Hirschberg an der bergstrasse, Germany). The 6-hexadecanoylamino-4-
methylumbelliferyl-phosphorylcholine (6-HMU-phosphorylcholine) was purchased from 
Moscerdam (Oegstgeest, the Netherlands).

2.2. Analytical methods

2.2.1.	Enzyme	activity	assay	(End-point	measurement)
The artificial substrate 6-HMU-phosphorylcholine was prepared at a concentration of 0.68 
mM in 100-mM sodium acetate buffer (pH 5.2) with 0.2% (w/v) sodium taurocholate as the 
substrate buffer. before use, the substrate was briefly heated to 37 °C. A black 96-well half-
area plate with a flat bottom (Greiner bio-One, Monroe, NC, USA) was used for the assay. 
into a well, 10 µL of sample, 10 µl of substrate, and 20 µl of substrate buffer were sequentially 
added and incubated at 37 °C for one hour. All samples used were corrected to the same 
protein concentration. The reaction was stopped by adding 150 µL of 500 mM sodium 
carbonate buffer (pH 10.7) with 0.25% (w/v) Triton X-100 as the stop buffer. Fluorescence 
was measured with a FP-8300 Spectrofluorometer (Jasco, Easton, MD, USA) at an excitation 
wavelength of 388-404 nm and an emission wavelength of 459–460 nm.

2.2.2.	DNA	gel	electrophoresis
For pET-29c (+), the restriction enzymes Ndei and Xhoi were used for double digestion. 
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For pcDNA3.1 (+), the restriction enzymes Bglii or BamHi and EcoRi were used for single 
or double digestion, respectively. For single digestion, 15.5 uL of nuclease-free water, 2 µL 
of 10X tango buffer, 1.5 µL of DNA (15 to 560 ng), and 1 µL of restriction enzyme (10 
U/L) were sequentially added. For double digestion, 12 µL of nuclease-free water, 4 µL of 
10X tango buffer, 2 µL of DNA (15 to 560 ng), and 1 µL of each restriction enzyme were 
sequentially added.

The mixture was incubated at 37 °C for 50 min, followed by incubation at 12 °C, and 4 µL 
of 6X loading dye was added into the mixture. For agarose gel, 100 mL of 1X Tris-acetate-
EDTA buffer, 1% of agarose, and 20 µg of ethidium bromide (Thermo Fisher Scientific) 
were prepared and poured into a gel cassette. The gel was placed in the running chamber 
and covered with 1X Tris-acetate-EDTA buffer. into the gel, 6 µL of 1-Kb DNA ladder (New 
England biolabs) and 10–20 µL of sample were loaded. The run was performed at 80 V for 
one hour.

2.2.3.	Sodium	dodecyl	sulphate	polyacrylamide	gel	electrophoresis	(SDS-PAGE)
For each analysis, samples (1 part) were diluted to the same protein concentrations and 
prepared under non-reducing conditions, unless stated otherwise, by adding 2.5 parts of 1X 
lithium dodecyl sulphate sample buffer and completed to 10 parts using deionised water. 
The mixture was vortexed briefly and heated at 70 °C for 10 min. The gel tank was filled 
with 1X SDS running buffer. bolt 4–12% bis-Tris Plus gel was rinsed using the running 
buffer and placed in the tank. Unless stated otherwise, 5 µL of PageRuler Prestained Protein 
Ladder (Thermo Fisher Scientific) and 15 µL of the sample were loaded into the gel. The run 
was performed at a constant voltage of 165 V for 43 min.

2.2.4.	Western	blot
The gel was removed from the cassette, and the proteins were transferred into pre-activated 
PVDF membranes (Thermo Fisher Scientific) using the iblot Dry blotting System (Thermo 
Fisher Scientific). After the transfer, the membrane was incubated in the blocking buffer 
(phosphate-buffered saline with 0.05% Tween 20 and 1% bovine serum albumin) for at 
least one hour at room temperature, or overnight at 4 °C, with continuous agitation. The 
membrane was incubated with anti-ASM antibody (1:1000 in blocking buffer, unless stated 
otherwise) or anti-6x His-tag monoclonal antibody (1:10,000 in blocking buffer, unless 
stated otherwise) overnight at 4 °C with continuous agitation. For the anti-ASM antibody, 
the membrane was washed 3 times using PbS with 0.05% Tween 20 for 5 min each and 
incubated with goat anti-rabbit igG conjugated with horseradish peroxidase (1:1000 
in blocking buffer, unless stated otherwise) overnight at 4 °C with continuous agitation. 
The membrane was washed 3 times using PbS with 0.05% Tween 20 for 5 min each. The 
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific) was 
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used for detection. For Coomassie staining, Pageblue Protein Staining Solution (Thermo 
Fisher Scientific) was used according to the manufacturer protocol. 

2.2.5.	Protein	band	density
The ChemiDoc MP imaging system (bio-Rad, Hercules, CA, USA) was used to measure the 
density of protein bands on SDS-PAGE gel after staining with Pageblue. The gel was placed 
in the imaging device on a white background, and the epi-illumination lamp was used. The 
light intensity was adjusted until a clear vision of protein band was obtained. A fixed area 
was used for all bands to measure their densities using Quantity One software (bio-Rad).

2.3. Expression and extraction of rhASM produced in E.	coli

2.3.1.	Protein	expression
The DNA encoding m-rhASM was designed to include N-terminal enterokinase cleavage 
site and C-terminal tobacco etch virus (TEV) cleavage site followed by a 6x His-tag (Figure 
1). The sequence was codon-optimised for expression in E. coli.

The optimised DNA insert was sub-cloned into pET-29c (+) vector using restriction 
enzymes Ndei and Xhoi, and the sticky ends were ligated (Figure S1). in the vector 
backbone, a hexahistidine-tag (6x His-tag) was located after the restriction site Xhoi. The 
generated plasmid pET-29a-m-rhASM was transformed into competent DH5α cells using 
a standard heat shock procedure. The transformed DH5α cells were cultured on agar plates 
in the presence of kanamycin (30 µg/mL) overnight at 37 °C. A single colony was selected 
at random and cultured in 5 mL of Lysogeny broth (Lb) supplemented with kanamycin 
(30 µg/mL) at 37 °C and 250 rotations per min (rpm) for 3.5 h or until an optical density 
(OD600) of 0.2–0.3 was reached. Next, the cell culture was expanded to 0.5 L, and previous 
culturing conditions were applied. On the following day, the cell pellets were collected by 
centrifugation at 6000 × g at 4 °C for 15 min. The plasmid was purified using an endotoxin-
free plasmid DNA purification kit (Nucleobond PC 2000 EF, Clontech, Mountain View, 
CA, USA) and analysed using DNA gel electrophoresis. 

 The purified pET-29a-m-rhASM was transformed into T shuffle T7 cells according 
to the manufacturer protocol. The transformed cells were cultured on an agar plate in the 
presence of kanamycin (30 µg/mL). On the following day, a colony was selected at random 
and cultured in 35 mL of Lb supplemented with kanamycin (30 µg/mL) and incubated for 
3 h at 30 °C and 250 rpm. The cell culture volume was expanded to 1,524 mL, and previous 
culturing conditions were applied until an OD600 of 0.4–0.6 was reached. isopropyl β-D-1-
thiogalactopyranoside (iPTG) was added at a final concentration of 100 µM and incubated 
at 16 °C and 230 rpm for 10–12 h. For each 200 mL of cell culture, the cell pellets were 
collected by centrifugation for 15 min at 6000 × g at 4 °C.
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To extract m-rhASM, the cell pellets were dissolved in 20 mM sodium phosphate 
(pH 7.4) with 0.5 M NaCl, 20 mM imidazole, and 1X protease inhibitor cocktail (Sigma–
Aldrich). Cells were disrupted by ultrasonication using a SONOPULS HD 2200 (bandelin, 
berlin, Germany) and the settings adjusted to six cycles with 56% power. The sample was 
kept on ice and sonicated 6 times for 10 s with a pause for 1 min. A sample was taken from 
the cell lysate, after which the supernatant of the cell lysate was collected by centrifugation 
at 6000 × g at 4 °C for 30 min. Cleared supernatant and cell lysate were evaluated using 
SDS-PAGE with Coomassie blue staining, western blot analysis, and enzyme activity assay.

2.3.2.	Protein	solubilisation
One part of the cell lysate was added to 25 parts of phosphate-buffered saline (PbS) with a 
pH of 7.4 with 0.5% n-dodecyl β-D-maltoside (DDM), 0.25 M arginine, and 1X protease 
inhibitor cocktail (solubilisation buffer). The sample was incubated for one hour with 
continuous rotation at 4 °C. The sample was split into two fractions, and the supernatant 
was collected from one fraction by ultracentrifugation for 45 min at ≥40,000 × g at 4 °C. The 
cell lysate and supernatant were evaluated using SDS-PAGE with Coomassie blue staining, 
western blot analysis, and enzyme activity assay.

2.3.3.	Reformation	of	disulphide	bonds
The cell pellets were dissolved in 2 mL of 50 mM Tris-HCl buffer with pH of 7.4 (buffer 
b) and sonicated as described earlier. Three millilitres of 50 mM Tris-HCl buffer (pH 7.4) 
with 8 M of urea, 0.5 M of thiourea, and 4% CHAPS (denaturing buffer) were added to the 
cell lysate and incubated for 60 min at 30 °C and overnight at 4 °C. The supernatant was 
collected by centrifugation for 30 min at 4,500 × g and 4 °C. The supernatant was diluted 
twice with buffer b and incubated for one hour at 4 °C; that process was repeated 3 times. 
After the third dilution, the sample was incubated overnight at 4 °C. 

in another re-solubilisation method, 20 mM of dithiothreitol (DTT) was added to the 
m-rhASM after protein solubilisation, and the mixture was incubated for one hour at 100 
°C. A redox system was prepared by adding 3 parts of L-glutathione reduced to 1 part of 
L-glutathione oxidised. One part of the mixture was added to 1 part of the redox system. 
The mixture was dialyzed overnight at 4 °C against 1 L of 0.2 M sodium phosphate buffer 
(pH 7.4) using a dialysis cassette with a 10-kDa molecular weight cut-off (MWCO). The 
cell lysate and supernatant were evaluated using SDS-PAGE with Coomassie blue staining, 
western blot analysis, and enzyme activity assay.

2.4. Expression of rhASM in CHO-K1 cells
Custom-synthesised DNA encoding from the N- to the C-terminus was performed for the 
native signal sequence of ASM (MPRYGASLRQSCPRSGREQGQDGTAGAPGLLWMGL 
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VLALALALALALSDSRVLWAPAEAH), an enterokinase cleavage site, a Glutathione 
S-transferase (GST) purification tag, a factor Xa cleavage site, the p-rhASM, a TEV protease 
cleavage site, and a 6x His purification tag, respectively. 

The DNA insert was sub-cloned into pcDNA3.1 (+) vector via digestion with the 
restriction enzymes BamHi and EcoRi (Figure S2). The obtained plasmid pcDNA3.1-p-
rhASM was transformed into competent DH5α cells and cultured on agar plates overnight 
at 37 °C in the presence of ampicillin (50 µg/mL). A single colony was selected at random 
and cultured in 5 mL of Lb, supplemented with ampicillin (50 µg/mL) at 37 °C and 250 
rpm for 3.5 h or until an OD600 of 0.2–0.3 was reached. The cell culture was expanded to 
0.8 L and grown as described above. On the following day, the cell pellets were collected by 
centrifugation at 6000 × g and 4 °C for 15 min. The plasmid was purified using an endotoxin-
free plasmid DNA purification kit (Nucleobond PC 2000 EF, Clontech) and analysed using 
DNA gel electrophoresis. 

The CHO-K1 cells were seeded in a T-175 tissue culture flask in the presence of 
DMEM/F-12 and 10% foetal bovine serum as the growth medium until >90% confluency 
was reached. Fifty micrograms of purified pcDNA3.1-p-rhASM were added to 1.25 mL of 
Opti-MEM medium and incubated at room temperature for 20 min, after which 200 µg of 
PEi was added to the mixture, which was incubated at room temperature for 10 min. The 
transfection mix was added to 22.5 mL of Opti-MEM medium, which was added to the 
cells, and the mixture was incubated for 4 h at 37 °C and 5% CO2. The culture medium was 
replaced with 25 mL of expression medium and incubated for 2 days at 37 °C and 5% CO2. 
Cells were collected by scraping, washed with PbS, and collected by centrifugation twice for 
5 min at 300 × g. Pelleted cells were resuspended in 1 mL of 0.2% Triton X-100 in water. The 
supernatant was collected and concentrated using a 10 kDa MWCO filter (Vivaspin, GE, 
boston, MA, USA). The cell lysate and supernatant were evaluated using SDS-PAGE with 
Coomassie blue staining, western blot analysis, and enzyme activity assay.

3. Results and discussion

3.1. Expression, extraction, and characterisation of rhASM produced in E.	
coli

3.1.1.	Protein	expression
The mature form of human ASM, as found in the lysosomes, is truncated from the 
N-terminus and starts at residue Gly83 of full-length ASM [17]. The AA sequence of 
m-rhASM was used to generate the DNA sequence. An enterokinase cleavage site was 
added after the methionine, since it cannot be removed during the translation of eukaryotic 
proteins, which could influence the biochemical characteristics or immunogenic properties 



|    Chapter 5

114

[18]. Analysis of the DNA sequence of m-rhASM revealed that 13% of the sequence 
consisted of rare codons for the production in E. coli. For that reason, the sequence was 
codon-optimised to assure optimal expression in E. coli. 

The pET-29c (+) vector was used for the expression of rhASM-6x His-tag under the 
control of the T7 promoter, as shown in Figure S1 [19]. A TEV protease cleavage site was 
included before the 6x His-tag to allow the removal of the tag if necessary (Figure 1). 

Figure 1: Schematic representation for the DNA construct of m-rhASM for E. coli expression. pET: 
pET-29c (+) vector; T7: T7 promoter; black arrow: direction of reading; Enterokinase: xleavage site 
for enterokinase; TEV: cleavage site for tobacco etch virus; Empty arrow: abbreviation of plasmid; 
*Restriction enzyme cleavage.

The designed m-rhASM has a theoretical molecular weight of 64 kDa and an isoelectric 
point (pI) of 6.3 with 100% sequence similarity to the mature form of endogenous ASM 
based on the computational analysis.

The pET-29c (+) plasmid containing m-rhASM was amplified in DH5α cells to generate 
enough plasmid for protein expression. Restriction enzyme analysis confirmed the presence 
of the rhASM insert (Figure S3). 

Since the disulphide bonds in ASM are crucial for enzyme stability and activity [9], shuffle 
T7 cells were selected because they can promote the formation of disulphide bonds in the 
cytoplasm. [15]. Different variables including cell density at induction, iPTG concentration, 
and incubation temperature were tested during protein expression to optimise the yield 
of soluble m-rhASM. At a high cell density (>0.9 OD600), leaky m-rhASM expression was 
observed prior to induction (data not shown) [20]. Therefore, iPTG induction was initiated 
at an early-to-mid-log growth phase (0.4–0.6 OD600).

Using minimal iPTG concentrations and low temperatures is expected to lower 
transcription and translation rates, may favour correct protein folding, and may minimise 
aggregation into inclusion bodies [21]. Different concentrations of iPTG (0.2–0.8 mM) were 
used to induce the expression of m-rhASM; however, the amount of m-rhASM produced 
using different iPTG concentrations represented 12–15% of the total protein content based 
on the measurement of protein band densities (Figure 2). After cell lysis, the supernatant 
showed no soluble m-rhASM, which indicates protein insolubility due to misfolding 
(Figure 2). However, using 0.1 mM of iPTG at a low incubation temperature (16 °C) with 
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an extended incubation time (10–12 h) achieved a slightly greater solubility of the extracted 
protein in the supernatant than at a higher temperature (30 °C) with an incubation time of 
4 h (Figure 2). The 6x His-tag fused with m-rhASM at the C- terminus was detected using 
anti-6x His-tag antibody (Figure 3). The yield of m-rhASM using the optimal expression 
condition was estimated at 10 mg/L.

Figure 2: SDS-PAGE analysis of cell lysates and supernatants from shuffle T7 cells transformed 
with pET-29a-m-rhASM before and after induction with different iPTG concentrations, incubation 
temperatures, and incubation times. Red arrow: location of mature form of ASM. Gel was stained 
with Coomassie blue staining.
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Figure 3: Western blot analysis using an anti-6x His-tag antibody for cell lysate of shuffle T7 cells 
transformed with pET-29c (+) plasmid containing mature form of ASM. A: pre-induction; b: post-
induction. 

The m-rhASM in the cell lysate showed no enzymatic activity, possibly due to the misfolding 
of m-rhASM, which typically causes protein insolubility [22]. A study has shown that 
m-rhASM can be activated by adding zinc or copper ions [23]; therefore, 0.1 mM of zinc 
chloride was added to the cell lysate, and the mixture was incubated for at least one hour 
before enzyme activity was measured. However, no enzymatic activity was detected (data 
not shown) for m-rhASM which may require an improvement of solubility to restore the 
enzyme activity.

3.1.2. Protein solubilisation
Different solubilisation conditions were used given the need to preserve the disulphide 
bonds for enzymatic activity. Therefore, a denaturing condition was avoided, and gentle 
solubilising agents (CHAPS, DDM, Triton X-100, glycerol, imidazole, and arginine) were 
used at minimal concentrations. Among the different conditions, using 0.5% DDM and 
0.25 M of arginine improved the solubility and recovery of m-rhASM in the soluble fraction 
(Figure 4A).
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 A B

Figure 4: A. SDS-PAGE (Coomassie blue staining) of induced shuffle T7 cells transformed with 
pET-29a-m-rhASM. 1: non-transformed cell lysate; 2: cell lysate after sonication; 3: cell lysate after 
solubilisation; 4: supernatant of cell lysate after solubilisation; Red arrow: mature form of ASM 
(m-rhASM). B. The enzymatic activity of m-rhASM before and after solubilisation. Note: 0.1 mM of 
ZnCl2 was added to each sample. The presented results represent a single measurement.

The enzymatic activity of soluble m-rhASM was tested; however, no enzymatic activity 
was detected, which indicates that either the non-glycosylated m-rhASM lacks enzymatic 
activity or the protein conformation is incorrect, presumably due to improper disulphide 
bond formation (Figure 4b).

3.1.3.	Reformation	of	disulphide	bonds
The m-rhASM was completely denatured using different denaturing agents to unfold any 
improperly folded enzyme for subsequent refolding under controlled conditions. The 
denatured m-rhASM was diluted 2 times with buffer b and incubated for one hour at 4 °C; 
that process was repeated 3 times. After the third dilution, the m-rhASM was incubated 
overnight at 4 °C. SDS-PAGE analysis showed a recovery of m-rhASM in the soluble 
fraction after slow dilution, which might indicate a properly refolded enzyme (Figure 5). 
The migration of m-rhASM in the SDS-PAGE before and after refolding did not change, 
since disulphide bond formation could influence the migration of protein band in the gel; 
however, a study has shown that the migration of rhASM produced in CHO cells did not 
change in the presence or absence of reducing agent DTT, as shown in Figure 5 [23]. 
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Figure 5: SDS-PAGE (Coomassie blue staining) of cell lysate for shuffle T7 cells transformed with 
pET-29a-m-rhASM. A: cell lysate after denaturing; b: supernatant of cell lysate after refolding; Red 
arrow: mature form of ASM.

Dialysis was used to allow the reformation of disulphide bonds after reducing all disulphide 
bonds of m-rhASM using DTT. However, the refolded m-rhASM from either slow dilution 
or dialysis showed no enzymatic activity (Figure 6A).

The unbridged free cysteine (Cys629), at its original location in full-length ASM near 
the C-terminus, plays a role in activating the enzyme, and the removal of that cysteine can 
increase the enzymatic activity of ASM [23]. Accordingly, thrombin cleaves the m-rhASM 
at Arg549 which can be used to remove the free cysteine (Cys553) (Figure S4). Also, the 
influence of 6x His-tag (His563) on enzyme activity was investigated by addition of TEV 
protease that cleaves at (Gln559) (Figure S4). However, the cleaved m-rhASM did not show 
any enzymatic activity (Figure 6b)

Given the above, all attempts to obtain an active m-rhASM enzyme were unsuccessful, 
likely because the absence of glycosylation. Therefore, the expression of rhASM in 
mammalian host cells was explored.
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Figure 6: A. Enzymatic activity of m-rhASM before and after refolding using slow dilution method. 
B. The enzymatic activity of m-rhASM in the presence of different proteases. The results represent 
two measurements.

3.2. Expression and characterisation of rhASM produced in CHO-K1 
The p-rhASM has been reported to start from residue His60, as shown in Figure S4 [9, 24]. 
Therefore, the AA sequence of the p-rhASM was used to generate the DNA sequence. After 
the native signal sequence of ASM, GST was appended to the N-terminal and 6x His-tag 
to the C-terminus in order to enable facile purification and capture the full-length protein 
(Figure 7). Cleavage sites were also included after the signal sequence (factor Xa), after the 
GST-tag (enterokinase), and before the 6x His-tag (TEV protease) to be able to remove 
them if needed (Figure 7). The designed p-rhASM has a theoretical molecular weight of 111 
kDa and pi of 6.6 with six N-linked glycosylation sites.

Figure 7: Schematic representation of the DNA construct of p-rhASM for CHO-K1 expression. 
pCDNA: pcDNA3.1 (+) vector; T7: T7 promoter; black arrow: direction of reading; Seq.: sequence; 
Enterokinase: cleavage site for enterokinase; Factor Xa: cleavage site for factor Xa; TEV: cleavage site 
for tobacco etch virus; Empty arrow: abbreviation of plasmid; *Restriction enzyme cleavage.
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Different conditions for protein expression in CHO-K1 cells were tested including DNA:PEi 
ratio for transfection, transfection time, and expression medium. Cell viability after one day 
of transfection with DNA:PEi ratio of 1:4 was >80%, which is thus required to achieve a 
high protein expression (data not shown). PowerCHO medium, because it is free of protein, 
was used for recombinant protein expression in order to facilitate the downstream process. 
Two days after transfection, the supernatant and cell lysate were collected to investigate the 
presence of non-secreted p-rhASM, if any. 

Although no p-rhASM could be observed on SDS-PAGE with Coomassie blue staining, 
presumably due to low protein expression levels, it was detectable in the transfected cell 
lysate and supernatant using western blot analysis with the anti-6x His-tag antibody. The 
latter showed two bands at approximately 90 and 105 kDa, of which the higher band was 
the predominant one and corresponded to the expected size of p-rhASM (~111 kDa) after 
the cleavage of the signal sequence (6 kDa), as shown in Figure 8. 

Figure 8: Western blot analysis using anti-6x His-tag antibody for the expression of p-rhASM in 
CHO-K1 cells. A: non-transfected cell lysate; b: non-transfected supernatant; C: transfected cell 
lysate; D: transfected supernatant.

ASM activity was detected in both non-transfected and transfected samples, which indicates 
that the presence of endogenous ASM obscures the detection of the recombinant enzyme. 
However, enzymatic activity increased in the transfected cell lysate and supernatant by 
54% and 282%, respectively, compared to enzyme activity in the non-transfected lysate and 
supernatant, which indicates the successful expression of active p-rhASM (Figure 9). A 
possible explanation for low activity in the cell lysate is that the intracellular processing 
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of p-rhASM to lysosomes was disrupted due to differences in the N-terminal sequence of 
p-rhASM compared to endogenous ASM, which might have affected the enzyme activity. 
However, the expression level of p-rhASM in the supernatant was very low, which could 
not be quantified. A possible reason for the low secretion level of p-rhASM is the use of the 
native signal sequence of ASM that predominantly guides the protein into lysosomes and 
partially into the supernatant.

Figure 9: The enzymatic activity of ASM in cell lysates and supernatants of CHO-K1 cells before and 
after transfection with pcDNA3.1-p-rhASM. The results represent single measurements.

4. Conclusions

The expression level of m-rhASM in E. coli was higher at 10 mg/L than CHO-K1 cell that was 
unquantifiable on the same scale. However, the m-rhASM produced in E. coli was inactive 
which may due to the lack of glycosylation, unlike the glycosylated p-rhASM produced in 
CHO-K1 cells. The low expression of p-rhASM in CHO-K1 cells could be due to the use 
of native signal sequence of ASM which guides the protein predominantly into lysosomes. 

Therefore, the used host cell systems were inappropriate for the transient expression 
of rhASM, and other mammalian cells should be explored. in addition, using a signal 
sequence that guides the protein into supernatant should be considered to increase the 
protein expression level.

HEK 293 cells have shown high transfectablity and productivity compared to CHO-K1 
cells during protein transient expression [25, 26]. Therefore, the expression of rhASM in 
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HEK 293 cells was studied using a signal sequence of secretory protein to improve the 
secretion level of rhASM, the results of which are presented in Chapter 6.
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Appendix: Supplementary data

Figure S1. Vector map for pET-29c (+). Restriction enzymes Ndei and Xhoi were used to insert the 
coding sequence of mature form of rhASM. Reproduced from [27]

Figure S2. Vector map of the vector pcDNA3.1 (+). Restriction enzymes BamHi and EcoRi were 
used to insert the coding sequence of precursor form of rhASM. Reproduced from [27].
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Figure S3. DNA gel electrophoresis of the purified pET-29c (+) plasmid after double digestion with 
Ndei and Xhoi. A: purified plasmid from DH5α cells; b: purified plasmid from shuffle T7 cells.

Figure S4. Amino acid sequence of m-rhASM produced in E. coli. The highlighted amino acids in 
magenta, blue, black, green, red, and purple refer to methionine, enterokinase, the mature form of 
ASM, thrombin, TEV protease, and 6x His-tag, respectively.
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Abstract

Niemann-Pick disease type b is a hereditary rare condition caused by deficiency of the 
acid sphingomyelinase (ASM) that is needed for lysosomal hydrolysis of sphingomyelin 
to ceramide and phosphocholine. This deficiency leads to a massive accumulation of 
sphingomyelin in cells throughout the body, predominantly in the liver, spleen and lungs. 
Currently, there is no effective treatment available. Olipudase alfa (recombinant human 
acid sphingomyelinase; rhASM) is an investigational drug that has shown promising 
results. However, dose dependent toxicity was observed in mice upon the intravenous 
administration of rhASM, potentially due to the systemic release of ceramide upon the 
extracellular degradation of sphingomyelin by rhASM. Using a nanocarrier to deliver the 
rhASM to cells could improve the therapeutic window by shielding the rhASM to prevent 
the off-target degradation of sphingomyelin. For this aim, we recombinantly expressed 
hASM in human cells and loaded it into different liposomal formulations at a drug-to-lipid 
ratio of 4% (w/w). Among four formulations, the liposomal rhASM formulation with the 
composition DPPC:DOPS:bMP:CHOL:DiD (59:20:10:10:1 mol%) was selected because of 
its superiority concerning the encapsulation efficiency of rhASM (21%) and cellular uptake 
by fibroblasts and macrophages. The selected liposomal rhASM formulation significantly 
reduced the accumulated lyso-sphingomyelin in NPD-b fibroblasts by 71%, part of this 
effect was stimulated by the used lipids, compared to 55% when using the free rhASM 
enzyme. More importantly, the undesired extracellular degradation of sphingomyelin was 
reduced when using the selected liposomal rhASM by 61% relative to the free rhASM. The 
presented in vitro data indicate that the liposomal rhASM is effective and may provide a 
safer intervention than free rhASM.
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1. Background 

Acid sphingomyelinase (ASM or aSMase) (EC 3.1.4.12) is an enzyme encoded by the SMPD1 
gene that catalyses the hydrolysis of sphingomyelin into ceramide and phosphocholine in 
response to different stimuli [1]. Niemann-Pick disease (NPD) types A and b are caused 
by specific mutations in the SMPD1 gene that result in the absence of (type A) or markedly 
decreased (type b) ASM activity [1, 2]. This leads to a progressive build-up of undegraded 
sphingomyelin in the lysosomes of cells, particularly phagocytic mononuclear cells [3]. in 
NPD type A (infantile form), the clinical manifestations appear during infancy and are 
characterised mainly by hepatosplenomegaly, failure to thrive and the rapid progression of 
neurodegenerative diseases, resulting in a life expectancy of less than three years [1]. NPD 
type b (NPD-b) encompasses a wide spectrum of disease manifestations ranging from 
severe hepatosplenomegaly in patients who survive beyond early childhood to minimal 
involvement in adults. Those at the severe end of the spectrum also frequently have 
neurological involvement [1, 2, 4]. Types A and b NPD have a combined prevalence of 1 in 
250,000 which therefore considered as ultra-rare diseases [5]. Currently, there is no specific 
treatment available for either NPD type A nor b. The provided medical interventions are 
symptomatic and supportive, such as bone marrow transplantation and splenectomy [2]. 
Olipudase alfa is a recombinant human acid sphingomyelinase (rhASM) developed as 
enzyme replacement therapy (ERT) for the treatment of acid sphingomyelinase deficiency 
(ASMD) in patients without neurologic manifestations [6]. Clinical trials are ongoing in 
patients with NPD type b to evaluate the safety and efficacy of olipudase alfa [7–9]. During 
the preclinical studies of olipudase alfa, severe toxicity in mice upon the intravenous 
injection of rhASM at high doses (≥ 10 mg/kg) was reported, which led to several adverse 
reactions such as cardiovascular shock, elevations in ceramide and death. increasing the 
dose slowly could abrogate the toxicity, but the maximum tolerated dose was lowered to 3 
mg/kg [10]. The observed toxicity was due to the rapid breakdown of the sphingomyelin 
in circulating lipoproteins and on the outer surface of cell membranes into ceramide. 
Ceramide functions as a signalling intermediate and stimulates cytokine release and cell 
apoptosis, which caused several adverse effects [10–14]. A phase 1b clinical trial (identifier: 
NCT02004704) with five patients with ASMD type b showed promising results over 30 
months of treatment at a dose of 3 mg/kg, with frequent mild adverse events [6]. in one 
patient, the dose had to be lowered to 1 mg/kg due to sustained adverse events [6]. The 
potential toxicity caused by the direct intravenous administration of rhASM may narrow 
the therapeutic window.

RhASM is a glycoprotein containing mannose 6-phosphate (M-6-P) and mannose 
residues present on carbohydrate chains [15, 16]. in wild-type cells, free rhASM is 
internalised via M-6-P and mannose receptors on the cell surface; however, M-6-P receptors 
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have been reported to be deficient in macrophages of ASM knock-out mice and fibroblasts 
of type-A NPD patients, which may limit the efficient delivery of rhASM to these cells [16, 
17]. The loading of rhASM into poly(lactic-co-glycolic acid) (PLGA) nanocarriers targeting 
intercellular adhesion molecule-1 (iCAM)-1 improved the delivery of rhASM compared 
to free rhASM and restored the impaired clathrin-mediated endocytosis in NPD type-A 
fibroblasts (derived from patients) [17, 18]. However, using PLGA to deliver proteins 
could lead to the instability and/or denaturation of proteins due to the formation of acidic 
products that can dramatically lower the pH inside the PLGA matrix upon hydrolytic 
degradation [19, 20].

Conventional liposomes – that is liposomes without a layer of poly(ethylene glycol) – 
are known to be taken up efficiently and rapidly by mononuclear phagocytes, which are 
the target cells in patients with ASMD, after intravenous (iv) administration [16, 21–23]. 
For example, in rats, the iv-injected dose of phosphatidylserine-containing liposomes was 
distributed into the liver and spleen by 73% and 10%, respectively, after two hours. When 
using phosphatidylglycerol-containing liposomes, 36% and 41% of the injected dose were 
distributed into the liver and spleen, respectively, after four hours [24]. 

The rapid clearance of liposomes has been associated with opsonization of liposomes 
by plasma proteins [25–27]. The opsonization effect could cause destabilization or leakage 
of liposomal contents [26, 28]. However, the degree of opsonization is influenced by 
several factors such as surface charge and size of liposomes, protein-lipid affinity, and 
hydrophobicity of liposomes [26, 29, 30]. interestingly, ASM has shown an affinity to lipids 
which could reduce this effect. The N-terminus of the ASM contains a saposin-like domain 
that binds negatively charged lipids in the intra-lysosomal membrane [31, 32]. One of 
the main lipids in the intralysosomal membrane is bismonoacylglycerophosphate (bMP) 
which binds to ASM via the saposin-like domain to bring the sphingomyelin headgroup 
(phosphocholine) to the catalytic site of ASM, enhancing its catalytic activity [31–35].

Consequently, liposomes (especially containing bMP) seem suitable for the passive 
targeting delivery of rhASM to affected cells. Accordingly, the objective of this study was to 
develop a liposomal formulation of recombinant human ASM and compare the cellular fate 
of these liposomal rhASM formulations with the free rhASM in wild-type (WT) fibroblasts, 
RAW 264.7 cells and NPD-b fibroblasts. To this end, we have produced human ASM in 
HEK293S GNT1(-) cells. The purified rhASM was encapsulated in liposomes with different 
lipid compositions. Liposomal formulations were characterised in terms of total rhASM 
loading, encapsulation efficiency of rhASM, enzymatic activity of rhASM and the colloidal 
stability of liposome dispersions. The liposomal formulations were tested in vitro for cellular 
uptake. Finally, the suitable liposomal formulation in terms of enzyme encapsulation and 
colloidal stability was tested for sphingomyelin conversion.
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2. Materials and methods

2.1. Biological and chemical materials
The pcDNA3.1(+) vectors containing complementary deoxyribonucleic acid (cDNA) of 
the ASM precursor and mature forms were purchased from Genscript (Piscataway, NJ, 
United States). Human wild-type and NPD-b fibroblasts were derived from one donor 
each; both were primary cells. These cells were provided by the Department of Laboratory 
Genetic Metabolic Diseases, Amsterdam Medical Center (The Netherlands). The HEK293S 
GNT1(-) cells (CRL-11268) and RAW 264.7 cell line (Tib-71) were purchased from ATCC 
(Manassas, VA, United States). The 293 SFM ii medium, glutaMAX (Gibco), Dulbecco’s 
Modified Eagle medium with high glucose (DMEM high glucose), opti-mem reduced 
serum medium, Alexa fluor 488, DiD’ oil, DiiC18(5) oil (1,1’-Dioctadecyl-3,3,3’,3’-
Tetramethylindodicarbocyanine Perchlorate), lysotracker red DND-99 and Hoechst 33342 
solution were purchased from Thermo fisher scientific (Waltham, MA, United States). 
Peptone primatone RL, protease inhibitor cocktail, rabbit anti-human ASM monoclonal 
antibody, proteinase K from Tritirachium album and D-mannose 6-phosphate disodium salt 
hydrate were purchased from Sigma-Aldrich (St. Louis, MO, United States). Goat anti-rabbit 
igG conjugated with horseradish peroxidase was purchased from Cell Signaling Technology 
(Danvers, MA, United States). Linear polyethyleneimine, or PEi, with a molecular weight 
(Mwt) of 25,000 Da, was purchased from Polysciences Europe GmbH (Hirschberg an der 
bergstrasse, Germany). 6-Hexadecanoylamino-4-methylumbelliferyl-phosphorylcholine 
(6-HMU-phosphorylcholine) and 6-Hexadecanoylamino-4-methylumbelliferone (6-
HMU) were purchased from Moscerdam (Oegstgeest, The Netherlands). A strep-tactin 
superflow cartridge, Strep-Tactin purification buffer set and anti-Twin-Strep-tag conjugated 
with horseradish peroxidase were purchased from ibA GmbH (Göttingen, Germany). 
Moreover, 16:0 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 18:1 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS), 18:1 bis(monooleoylglycero)phosphate (S, R 
isomer) (bMP), cholesterol (CHOL) and 16:0 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (DPPG) were purchased from Avanti (Alabaster, AL, United States). Ham’s 
F12 medium was purchased from Lonza (basel, Switzerland).

2.2. Protein expression and purification
The cDNA of ASM precursor and mature forms were generated and cloned into 
pcDNA3.1(+) vectors by Genscript and subsequently sub-cloned into pCD5 vectors (Figure 
S1) [36]. both ASM precursor and mature forms contained either an N- or C- terminal 
fusion with a seven amino-acid cleavage recognition sequence (ENLYFQG) of tobacco etch 
virus (TEV), a Superfolder GFP (sfGFP) and a Twin-Strep-tag (WSHPQFEK-(GGGS)2-
GGS-SA-WSHPQFEK) adapted from (Table 1) [36].
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Table 1: The order of DNA inserts within the reading frame of the pCD5 vector.

Used expression 
vector

Order of DNA inserts  
within reading frame

Expression plasmid 
abbreviation

Recombinant protein 
abbreviation

pI Mwt (kDa)

1 2 3 4

pCD5 S G TEV p pCD5/S-G/p-rhASM S-G/p-rhASM 6.51 109

pCD5 p TEV G S pCD5/p-rhASM/G-S p-rhASM/G-S 6.51 109

pCD5 S G TEV M pCD5/S-G/m-rhASM S-G/m-rhASM 6.51 106

pCD5 m TEV G S pCD5/m-rhASM/G-S m-rhASM/G-S 6.51 106

pI: isoelectric point; Mwt: molecular weight: S: twin-Strep-tag; G: superfolder GFP; TEV: tobacco etch virus; p: 
precursor form; m: mature form. Note: The Mwt includes sizes of seven N-linked glycosylation sites, 2 kDa per 
site on average [37, 38].

Subsequently, pCD5 expression vectors were transfected into HEK293S GNT1(-) cells with 
polyethyleneimine i (PEi) at a 1:5 ratio (μg DNA: μg PEi). After six hours, the transfection 
mix was replaced with 293 SFM ii medium only (original medium) or supplemented with 
glucose 2.0 g/L, sodium bicarbonate 3.6 g/L, primatone 3.0 g/L, 1% glutaMAX, 1.5% DMSO 
and 2mM valproic acid (enriched medium). Culture supernatants were harvested five days 
post transfection and assessed using Western blot analysis.

For large-scale production, the previously described procedure was followed. Next, the 
supernatant was harvested and centrifuged at 4427 ×g at 4 °C then micro-filtered using a 0.2 μm 
mPES MidiKros hollow fibre filter connected to an automated Krosflo research ii Tangential 
flow filtration (TFF) system (Repligen, Waltham, Massachusetts, USA). The flow-through was 
ultra-filtrated through mPES MidiKros hollow fibre filter with molecular weight cut-off of 30 
kDa. The retentate containing the rhASM was analysed using SDS-PAGE and Western blot. 

For large-scale production, affinity chromatography was used to purify p-rhASM/G-S 
utilising a Strep Tactin superflow cartridge (5 mL) connected to AKTA purifier (GE, 
boston, MA, United States) according to the manufacturer’s protocol. The elution fractions 
were analysed using SDS-PAGE and enzyme activity.

2.3. Western blot
The samples were diluted to the same protein concentration and prepared according to the 
manufacturer’s protocol of bolt 4–12% bis-Tris Plus gels (Thermo Fisher Scientific). The 
gel was removed from the cassette, and the proteins were transferred to an immun-blot 
PVDF membrane (bio-Rad Laboratories, Hercules, CA, USA) using the Trans-blot Turbo 
Transfer System (bio-Rad Laboratories). After the transfer, the membrane was incubated 
in phosphate-buffered saline (PbS) with 0.05% Tween 20 and 1% bovine serum albumin 
(blocking buffer) overnight at 4°C with continuous agitation. The membrane was incubated 
with rabbit anti-human ASM monoclonal antibody (1:100 in blocking buffer) or anti-Twin-
Strep-tag antibody (1:2000 in blocking buffer) overnight at 4°C with continuous agitation. 



C
ha

pt
er

 6

Liposome-targeted rhASM: Production, formulation, and in	vitro evaluation    |

135

The membrane was washed three times using PbS with 0.05% Tween 20 for five minutes 
each. The membrane was incubated with goat anti-rabbit igG conjugated with horseradish 
peroxidase (1:1000 in blocking buffer) overnight at 4°C with continuous agitation. Again, 
the membrane was washed three times using PbS with 0.05% Tween 20 for five minutes 
each. The Supersignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher 
Scientific) was used for detection.

2.4. Enzyme activity assay
The artificial substrate (6-HMU-phosphorylcholine) was prepared at a concentration of 
0.68 mM in 100 mM sodium acetate buffer, pH 5.2, with 0.2% (w/v) sodium taurocholate 
(substrate buffer). before use, the substrate was heated to 37 °C briefly. A black 96-Well 
Half Area Plate with flat bottom (Greiner bio-One, Austria) was used for the assay. All tests 
were performed in duplicate. For the end-point assay, 10 μL of the substrate and 30 μL of a 
sample (10 μg or unless otherwise stated) were added into a well and incubated at 37 °C for 
one hour. The reaction was halted by adding 150 μL of 500 mM sodium carbonate buffer, 
pH 10.7, with 0.25% (w/v) Triton X-100 (stop buffer). Fluorescence was measured using an 
FP-8300 Spectrofluorometer (Jasco, Easton, MD, United States) at an excitation wavelength 
of 404 nm and emission wavelength of 460 nm. For a kinetic assay, 10 μL of the substrate 
and 30 μL of pure rhASM (42 ng, unless otherwise stated) in the substrate buffer were 
added into a well and incubated at 37 °C. The reaction was stopped by adding 150 μL of stop 
buffer at time points 0, 30 min, 60 min, 90 min and 120 min. Fluorescence was measured 
using the described measurement settings in an end-point assay. A calibration curve was 
prepared using 6-HMU in a linear concentration range of 0–6.3 nM (10 measurement 
points). Specific enzyme activity was determined by calculating the best-fit slope.

2.5. Selection and preparation of liposomal formulations
DPPC, DOPS and bMP were dissolved in chloroform (25 mg/mL each) separately. DPPG 
was dissolved in a 1:5 (v/v) mixture of methanol and chloroform at 2 mg/mL. DiD was 
dissolved in methanol at 200 µg/mL. The compositions and molar ratios of the liposomal 
formulations are shown in Table 2.

Table 2: Compositions and molar ratios of the prepared liposomal formulations.

Formulation composition Molar ratio (%) Liposomal formulation abbreviation

DPPC:DOPS:CHOL:DiD 69:20:10:1 PS

DPPC:DOPS:bMP:CHOL:DiD 59:20:10:10:1 PS-bMP

DPPC:DPPG:CHOL:DiD 69:20:10:1 PG

DPPC:DPPG:bMP:CHOL:DiD 59:20:10:10:1 PG-bMP
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All liposomal formulations were prepared at a total lipid concentration of 25 mM. For 
each liposomal formulation, non-loaded and loaded liposomes were prepared. Since the 
sfGFP signal was undetectable when using confocal imaging microscopy, p-rhASM/G-S 
was labelled using Alexa fluor 488 (dye) at a ratio of 8 p-rhASM/G-S:1 dye in 0.1 M sodium 
bicarbonate buffer, pH 8.3. The mixture was subjected to constant rotation for one hour at 
room temperature and protected from light. The non-conjugated dye was removed using 
a spinning column with a 10 kDa MWCO filter (Vivaspin, GE). The filter was washed 
with PbS and centrifuged for 20 minutes at 4362 × g and 4°C for five times. The labelled 
p-rhASM/G-S was analysed using HPLC with an SRT-C SEC-150 column (Newark, DE, 
United States), and the degree of labelling was determined using a Nanodrop (ND-1,000 
Spectrophotometer, Thermo Fisher Scientific).

The thin-film hydration (TFH) method was used to prepare the PS liposomal 
formulation for p-rhASM/G-S with a drug-to-lipid (D/L) ratio of 1% (w/w) [39]. The dried-
reconstituted vesicles (DRV) method was used to prepare a PS liposomal formulation with 
a D/L of 1% (w/w); in addition, PS, PS-bMP, PG and PG-bMP liposomal formulations with 
a D/L of 4% (w/w) were prepared using the DRV [40].

The liposomal formulations from both LFH and DRV methods were extruded through 
a 200 nm diameter size using a mini extruder (Avanti) and washed by ultracentrifugation 
at 187,360 × g and 4°C for 60 minutes. The liposomal pellets were resuspended in 50 
mM HEPES buffer pH 7.4 with 0.9% NaCl (formulation buffer) with gentle rotation at 
4°C overnight. The ultracentrifugation step was repeated. The volume of each liposomal 
formulation was adjusted to 1 mL with the formulation buffer. The hydrodynamic 
diameter and surface charge were measured using Zetasizer Nano S and Zetasizer Nano 
Z, respectively (Malvern Panalytical, United Kingdom). The phospholipid amount was 
determined using the Rouser method [41]. The loading efficiency, encapsulation efficiency 
and loading capacity were determined directly after the preparation. The enzyme activity 
of incorporated p-rhASM/G-S was determined using 150 ng as the total protein amount.

2.5.1.	Determination	 of	 enzyme	 loading	 efficiency	 and	 capacity	 of	 liposomal	
formulations
The amount of rhASM that can be loaded in and onto the liposomes (encapsulated and 
surface bound) was determined after the removal of free rhASM from liposomes using 
ultracentrifugation (washed twice at 187,360 x g). RhASM was extracted from liposomes 
using the bligh and Dyer extraction method with some modifications [42]. The initial 
rhASM amount that was loaded into liposomes was used as a control (100%). The 
following was added to 120 µL of a sample in the same order: four parts methanol, one 
part chloroform and three parts water. The mixture was vortexed after each addition. The 
mixture was centrifuged for 15 minutes at 18,335 × g. The top aqueous layer was removed 
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without disturbing the middle flake layer. Three parts of methanol and a half-part of 20 mM 
of ammonium sulfate were added and vortexed briefly, then centrifuged for 30 minutes at 
18,335 × g. The liquid layer was removed, and 60 µL of 1% SDS with 20 mM NaOH was 
added to the pellet, vortexed briefly and incubated at 50°C for five minutes. The protein 
concentration was determined using a Pierce bCA Protein Assay Kit (Thermo Fisher 
Scientific). The loading efficiency (%LE) was calculated from the 100% control using the 
following formula: %LE = [calculated protein amount (µg) present in or on the liposomes 
/ initial protein amount (µg) that was added to the liposomes] * 100) (Eq. 1). After the 
determination of the phospholipid amount of liposomal formulations, the loading capacity 
(%LC) was calculated as follows: %LC = [calculated protein amount in or on the liposome 
(µg) / calculated phospholipid amount of the liposome (µg)] * 100) (Eq. 2).

2.5.2.	Determination	of	encapsulation	efficiency	of	liposomal	formulation
After determining the amount of rhASM in the liposomal formulations, proteinase K was 
added to the loaded liposomes at a weight ratio of 2 proteinase K: 1 rhASM in 50 mM Tris-
HCl (pH 8) and 10 mM CaCl2. The loaded liposomes without proteinase K were included as 
controls. All mixtures were incubated at 40°C for two hours. An end-point enzyme activity 
assay was performed. The encapsulation efficiency (%EE) was determined as follows: %EE 
= [number of fluorescence units of the liposomal formulation with proteinase K / number 
of fluorescence units of the liposomal formulation without proteinase K] * %LE) (Eq. 3).

For the subsequent evaluation of these formulations on cells, the labelled p-rhASM/G-S 
and loaded liposomal formulations were diluted to a protein concentration of 250 µg/mL. 
Next, the non-loaded liposomal formulations were diluted to the same lipid concentration 
of the corresponding loaded liposomal formulations.

2.6. Cellular uptake of rhASM
Wild-type fibroblasts, NPD-b fibroblasts (derived from a patient) and RAW 264.7 cells were 
seeded at cell densities of 5000, 5000 and 20,000 cells per well, respectively, with 150 µL of 
DMEM high glucose with 10% FbS (one plate per each cell type). The black µ-clear 96-
well plate with flat bottom (Greiner, The Netherlands) was used. The cells were incubated 
overnight in a humidified CO2 incubator at 37°C and 5% CO2 (incubation conditions for 
cells). The next day, the culture medium was replaced with fresh medium for fibroblasts 
and RAW 264.7 cells, respectively. For fibroblasts, 20 µL (or 1 µg for the formulation with 
enzyme) of each tested formulation was added to wells in triplicate. For RAW 264.7 cells, 4 
µL (or 1 µg for the formulation with enzyme) of each tested formulation was added to wells 
in triplicate. The plates were incubated for four hours, and then the medium was replaced 
with 150 µL of DMEM (without phenol red) with 10% FbS and 100 nM of lysotracker red for 
WT fibroblasts and RAW 264.7 cells or 50 nM of lysotracker red for NPD-b fibroblasts. The 
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plates were incubated for 30 minutes, and the medium was replaced with 150 µL of DMEM 
with 10% FbS (without phenol red) and 40 µM of Hoechst 33342 solution and incubated 
for 20 minutes. The cells were washed once with the medium, and 150 µL of DMEM with 
10% FbS (without phenol red) was added. Confocal microscopy (Cell Voyager 7000S, 
Yokogawa Europe b.V., The Netherlands) was used for the cell imaging. Confocal images 
were assessed with Columbus image Data Storage and Analysis System (PerkinElmer, 
Waltham, Massachusetts, United States) using automated segmentation protocols for 
nuclei and cytoplasm detection and built-in functionalities for the determination of average 
fluorescence intensity and the calculation of Pearson’s correlation coefficient.

2.7. Cellular activity of rhASM
The WT and NPD-b fibroblasts were cultured in a 24-well plate at a cell density of 200,000 
cells per well for two days with 500 µL of Ham’s F12 medium and 10% FbS. On the third 
day, the culture medium was replaced with fresh medium. For WT fibroblasts, 40 µL of the 
formulation buffer was added per well and incubated for four hours. For NPD-b fibroblasts, 
40 µL (or 10 µg for the formulation with enzyme) of each formulation, free p-rhASM/G-S 
and PS-bMP liposomes (non-loaded and loaded) was added per well and incubated for 
four hours. The cells were washed once. Subsequently, 150 µL of 1x trypsin and 1x protease 
cocktail inhibitor were added, and the plate was incubated for 30 minutes. The cells were 
collected and sonicated for one minute in an ultrasonic bath (Fb 15046, Fisher Scientific, 
Waltham, MA, United States) and subjected to three cycles of freeze-thawing. The protein 
concentrations of the cell lysates were normalised to 0.4 mg/mL. ASM activity in the cell 
lysates was measured using the end-point enzyme activity assay.

2.8. Reduction of accumulated lipids
The WT and NPD-b fibroblasts were cultured in a six-well plate format at cell densities 
of 400,000 cells per well for five days with 3 mL of Ham’s F12 medium and 10% FbS. On 
the sixth day, the culture medium was replaced with 2,920 µL of fresh medium. For WT 
fibroblasts, 80 µL of formulation buffer was added per well in duplicate and incubated for 
four hours. For NPD-b fibroblasts, 80 µL (or 20 µg for the formulation with enzyme) of each 
formulation buffer, free p-rhASM/G-S and PS-bMP liposomes (non-loaded and loaded) 
were added per well in duplicate and incubated for four hours. The cells were washed once, 
and 3 mL of fresh culture medium was added. The cells were incubated overnight. On the 
next day, the medium was removed. Then, 250 µL of 1x trypsin and 1x protease cocktail 
inhibitor were added. The plate was incubated for 30 minutes. The cells were collected 
and sonicated for one minute in an ultrasonic bath and subjected to three cycles of freeze-
thawing. The protein concentrations of the cell lysates were normalised to 0.4 mg/mL. The 
lyso-sphingomyelin amount in the cell lysate was determined as previously described [43].
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2.9. Fluorometric sphingomyelin degradation assay
The Fluorometric Sphingomyelin Assay Kit (Sigma-Aldrich) was used to determine the 
relative amount of converted sphingomyelin by p-rhASM/G-S and PS-bMP liposomes 
(non-loaded and loaded).

2.10. Statistical analysis
Data were analysed using GraphPad Prism 7.04 for Windows (GraphPad Software, La Jolla, 
CA, USA). Data are presented as means ± standard deviations (SD). Comparative analyses 
were performed using the analysis of variance (ANOVA). For all statistical comparisons, a 
value below 0.05 was considered statistically significant.

3. Results and discussion

3.1. Protein expression and purification
Human acid sphingomyelinase is synthesised as a 75 kDa propolypeptide then glycosylated 
and processed in the endoplasmic reticulum and Golgi apparatus before being sorted into 
lysosomes as a 70 kDa mature form or secreted extracellularly as a 75 kDa precursor form 
[15]. 

in this study, the mature form (m-rhASM) and precursor form of ASM (p-rhASM) 
were recombinantly produced. The m-rhASM was used for encapsulation into liposomes 
for direct lysosomal delivery. Meanwhile, p-rhASM was used as a control mimicking 
the uptake mechanism of the ERT approach, in which the precursor form is delivered to 
lysosomes via the mannose-6-phosphate uptake pathway, where it is converted into the 
mature form [44, 45].

The amino acid sequences of precursor and mature forms were reported to start from 
His60 and Gly83, respectively, of the full-length ASM; these sequences were used to generate 
cDNAs (Figure S1) [46, 47]. 

The pCD5 vector was used for protein expression with the signal sequence of the CD5 
protein to guide the recombinant protein into the secretory pathway [48]. The coding 
sequence for p-rhASM or m-rhASM was fused to Superfolder GFP and Twin-Strep-tag, 
with protease cleavage sites in between, as illustrated in Figure 1. 
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Figure 1: Schematic representation of the gene constructs encoding the precursor or mature form of human 
ASM fused to Superfolder GFP for detection and Twin-Strep-tag for purification. pCD5: CD5 vector; CMV: 
human cytomegalovirus immediate early enhancer/promoter; black arrow: direction of reading; seq.: sequence; *: 
restriction enzyme cleavage site; TEV: tobacco etch virus protease recognition site.

The plasmid constructs were transfected into HEK293S GNT1(-) cells at different 
conditions (DNA: PEi ratio, temperature, culture medium) to select favourable conditions 
for high protein expression. Western blot analysis showed that the highest protein band 
intensity (suggesting high protein expression) was for the rhASM precursor form with the 
Superfolder GFP and Twin-Strep-tag appended to the C-terminus (p-rhASM/G-S) using a 
ratio of 2 DNA:10 PEi and feeding the cells with enriched culture medium at 37°C (Figure 
2A). Notably, the rhASM mature form has a very low expression levels (maximum 0.4 
mg/mL) compared to the rhASM precursor form (maximum 4 mg/mL), despite the use 
of identical plasmids. However, they differed in the starting position of the amino acid 
sequence, which could influence the protein expression (Figure S2).
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Figure 2: A. Western blot analysis using the anti-Twin-Strep-tag antibody to detect rhASM in HEK293S GNT1(-) 
cell culture supernatants at different conditions. Non-trans.: non-transfected; N-: rhASM with fusion proteins 
on the N- terminus; C-: rhASM with fusion proteins on the C- terminal; Original medium: 293 SFM ii medium; 
Enriched medium: 293 SFM ii medium supplemented with 3 g/L peptone primatone RL, 3.7 g/L sodium 
bicarbonate, 2 g/L glucose, 1% glutaMAX, 1.5% DMSO and 2 mM valproic acid. *: highest protein expression 
for precursor form. #: highest protein expression for mature form. Note: 10 µg of PEi was used in each tested 
condition. The white protein band indicates a high signal due to high protein/antibody concentration. B. Western 
blot analysis of cell culture supernatant using anti-ASM and anti-Twin-Strep-tag antibodies; C. SDS-PAGE 
(Coomassie brilliant blue staining) of cell culture supernatant before and after purification.

A

 B C
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Due to the low expression of the mature form of rhASM and slight difference in the specific 
enzyme activity of the rhASM precursor and mature forms, the rhASM precursor form 
with fusion proteins on the C-terminus (p-rhASM/G-S) was selected for further steps 
(Figure S3). The p-rhASM/G-S fusion protein has a molecular weight of ~ 109 kDa (75 kDa 
without fusion proteins) [49]. The identity of rhASM/G-S and presence of Twin-Strep-tag 
were confirmed using Western blot analysis before protein purification was initiated (Figure 
2b). Affinity chromatography using Strep-Tactin resin was performed to capture the Twin-
Strep-tag appended to the C-terminus of p-rhASM/G-S. SDS-PAGE was performed before 
and after purification to compare the protein purity profile (Figure 2C). Purified p-rhASM/
G-S has a protein purity of > 90% after a single affinity chromatography step, with a yield of 
4mg/L. The specific enzyme activity of pure p-rhASM/G-S was determined at 21.6 mmol/
hour/mg using the substrate (6-HMU-phosphorylcholine). The purified protein was stored 
at -80°C to preserve enzyme activity until it was used for liposomal formulation.

3.2. Selection and preparation of liposomal formulations

3.2.1.	Selection	of	lipid	composition	and	formulation	method	for	liposomal	rhASM
The proper selection of lipid composition for liposomes is crucial to obtain the required 
properties and effects. in this study, the main selection criteria for the desired liposomes 
were high loading efficiency of rhASM and the passive targeting of macrophages. 
Reportedly, conventional liposomes containing the negatively charged phospholipids PS 
or PG are efficiently taken up by the liver and spleen with different uptake profiles [24]. 
in addition, the presence of PS or PG in liposomes at concentrations > 20 mol% enables 
the binding of rhASM to the liposomal surface by virtue of the N-terminal saposin-like 
domain, with distinct binding capacities for PS and PG [34]. Moreover, the anionic lipid 
bMP at concentrations > 5 mol% stimulates the degradation of sphingomyelin by ASM and 
has a higher binding affinity to ASM than PS [31, 34]. 

Therefore, liposomal formulations containing either PS or PG are expected to exhibit 
variations in the loading efficiency of rhASM and cellular uptake. The use of bMP could 
improve the loading efficiency of rhASM and stimulate the degradation of sphingomyelin; 
however, the effect on cellular uptake cannot be predicted due to the scarcity of data. 
Given the above, four liposomal formulations with assorted compositions and molar ratios 
were investigated respecting their influences on the properties of liposomes and in vitro 
behaviour (Table 2).

For the proper loading of p-rhASM/G-S into liposomes, TFH and DRV formulation 
methods were investigated using one of the proposed liposomal formulations (PS liposomal 
formulation) (Table 2) [39, 40]. At 1% (w/w) enzyme-to-lipid ratio, a high enzyme 
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loading efficiency (62%), defined as the amount of enzyme bound to or encapsulated in 
the liposomes, was achieved with the DRV method compared to the TFH method (28%) 
(Figure 3). The high loading efficiency obtained with the DRV method can be ascribed to 
the high lipid concentration (125 mM) and large exposed surface area upon hydration with 
the enzyme (p-rhASM/G-S) solution. Moreover, a significant decrease in the recovered 
enzyme activity (20%) was observed after the preparation of liposomes using the TFH 
method. The reason for this observation was the use of relatively high temperature (46°C) 
to hydrate the lipid film, which was detrimental to the enzymatic activity (Figure 3). based 
on these findings, the DRV method was chosen as a suitable formulation method to prepare 
the four liposomal formulations (Table 2).

Figure 3: Loading efficiency and enzyme activity of p-rhASM/G-S loaded in the PS liposomes using 
different formulation methods. Data represent the mean (± SD) of two independent samples, each 
performed in duplicate. *: p < 0.05 (comparison with thin-film hydration).

3.2.2.	Preparation	of	liposomal	formulations
The PS, PS-bMP, PG and PG-bMP liposomal formulations (non-loaded and loaded) were 
prepared using the DRV method. Their hydrodynamic diameters were determined to be 
between 174 and 206 nm, and zeta potentials were between -17 to -28 mV. The formulations 
with bMP lipids exhibited higher negative surface potentials compared to the other 
formulation, which was expected due to the replacement of 10 mol% of the zwitterionic 
DPPC with the negatively charged bMP (Table 3). The loaded PS and PS-bMP liposomal 
formulations showed similar D/L ratios at 1.9% and 2.1% (w/w) and similar loading 
efficiencies at 48% and 50%, respectively (Table 3). However, their encapsulation efficiencies 
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differed at 14% and 21%, respectively (Table 3). The loaded PG and PG-bMP liposomal 
formulations showed higher D/L ratios at 3.8% and 2.7% (w/w) and slightly higher loading 
efficiencies at 55% and 56%, respectively, compared to the PS-containing liposomes (Table 
3). The high D/L ratios for the loaded PG-containing liposomes could be due to the high 
affinity of ASM to PG compared to PS [34]. This assumption is supported by the low 
encapsulation efficiencies of PG and PG-bMP formulations at 7% and 8%, respectively, 
compared to 14% and 21% for PS and PS-bMP formulations, respectively, indicating the 
enzyme was bound to PG on the outer surface of liposomes (Table 3). 

Table 3: Characteristics of prepared liposomal formulations. 

Liposomal formulation 
and composition Type Hydro-dynamic 

diameter (nm)
Zeta

potential (mV)
D/L%
(w/w) 

LE
(%)

EE
(%)

Enz. act.
(%)a

PS
(DPPC:DOPS:
CHOL:DiD)
(69:20:10:1mol%)

Non-loaded 187
±3

-17
±1 - - - -

Loaded 187
±4

-19
±1

1.9
±0.0

48
±1

14
±0

99.5
±2

PS-bMP
(DPPC:DOPS:
bMP:CHOL:DiD)
(59:20:10:10:1mol%)

Non-loaded 186
±2

-27
±2 - - - -

Loaded 184
±0

-27
±2

2.1
±0.1

50
±2

21
±2

104
±7

PG
(DPPC:DOPS:
CHOL:DiD)
(69:20:10:1mol%)

Non-loaded 184
±0.1

-23
±1 - - - -

Loaded 174
±4

-25
±1

3.8
±0.1

55
±1

7
±0

44
±4b

PG-bMP
(DPPC:DPPG:
bMP:CHOL:DiD)
(59:20:10:10:1mol%)

Non-loaded 197
±2

-28
±1 - - - -

Loaded 206
±1

-27
±1

2.7
±0.0

56
±1

8
±0

94
±3

D/L: drug-to-lipid ratio; LE: loading efficiency (encapsulated and surface bound); EE: encapsulation efficiency. 
Data represent the mean (± SD) of a duplicate of one sample.
a Enz. act. (%): Enzyme activity of loaded liposome / Enzyme activity of p-rhASM/G-S (Control) * 100
b The determination may be influenced by the incomplete access of artificial substrate to p-rhASM/G-S.

Notably, the addition of 10% bMP to PS-bMP liposomal formulations led to an increase 
in encapsulation efficiency by 50% compared to PS liposomal formulations, suggesting 
an increase in the molar ratio of bMP can improve the encapsulation efficiency of PS-
containing liposomes for ASM. 

The specific enzyme activity of liposome-incorporated p-rhASM/G-S was measured 
and compared to free p-rhASM/G-S enzymes. Specific enzyme activity between 94% and 
104% was achieved for all loaded liposomes, except the PG liposomal formulation in which 
a markedly low specific enzyme activity was obtained (44%), suggesting the influence of PG 
on ASM activity by an unknown mechanism (Table 3). interestingly, the specific enzyme 
activity of incorporated p-rhASM/G-S was fully recovered by substituting 10 mol% of 
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DPPC for bMP lipid in PG-liposomal formulations.
Due to the presence of the unspecific phospholipase C activity of ASM that could lead 

to a change in the formation of liposomes, changes in the hydrodynamic diameters of the 
liposomal formulations were followed for one month to determine their stability when stored 
at 4°C. The liposomal formulations showed no change in their hydrodynamic diameters, 
except the PG-bMP formulation, which showed an increase in the hydrodynamic diameter 
by 11% after 10 days, with an additional increase by 5–10% until day 30 (Figure S4). 

Consequently, the prepared formulations showed differences in the incorporation 
of p-rhASM/G-S, and interestingly the loaded PS-bMP liposomes showed the highest 
encapsulation efficiency. A high encapsulation efficiency is desirable, as it will most likely 
minimise the systemic, off-target activity of the enzyme.

3.3. Cellular uptake of rhASM 
The cellular uptake of PS, PS-bMP, PG and PG-bMP liposomal formulations was studied 
in various cell types and compared to the free p-rhASM/G-S enzyme, which is expected to 
be taken up through receptor-mediated endocytosis, such as via M-6-P receptors [16, 17]. 
Conventional liposomes are known to be taken up through micropinocytosis, phagocytosis 
and receptor-mediated endocytosis (i.e. scavenger receptors). The uptake route followed is 
highly dependent on the cell type [22, 50, 51]. 

The cellular uptake of all formulations was investigated in fibroblasts. The cellular 
uptake of free p-rhASM/G-S in WT and NPD-b fibroblasts was similar, which is surprising, 
since an impairment of clathrin-mediated endocytosis in the fibroblasts of NPD type A 
was reported (Figure 4) [17, 18]. Among all the tested formulations, the loaded PS-bMP 
liposomal formulation showed a higher uptake than free p-rhASM/G-S in WT fibroblasts 
and a comparable uptake in NPD-b fibroblasts (Figures 4 and 5). Moreover, the NPD-b 
fibroblasts exhibited a lower uptake of all loaded liposomes compared to WT fibroblasts, 
indicating an aberration in the uptake mechanism for liposomes (Figure 4).



|    Chapter 6

146

Figure 4: Quantitative analysis of the binding and uptake of labelled p-rhASM/G-S as free enzymes 
or in liposomal formulations by wild-type fibroblasts, NPD-b fibroblasts (derived from a patient) and 
RAW 264.7 cells after four hours’ incubation. The value per well was normalised to the vehicle (50 
mM HEPES buffer, pH 7.4, with 0.9% NaCl). Data represent the mean (± SD) of three independent 
samples, each measured one time. Average numbers of analysed cells were 216 cells (±45 SD) for wild-
type fibroblasts, 108 cells (±28 SD) for NPD-b fibroblasts and 1,961 cells (±167 SD) for RAW 264.7. 
C: control; ns: not significant; *: p < 0.05 (comparison with C); #: fold increase in uptake relative to 
free p-rhASM/G-S. 5 µg and 1 µg of labelled p-rhASM/G-S were used for fibroblasts and RAW 264.7 
cells, respectively. 
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Figure 5: Confocal images of the cellular uptake of free p-rhASM/G-S and PS-bMP liposomal 
p-rhASM/G-S by wild-type and Niemann-Pick type b fibroblasts. Nuclei, lysosomes, p-rhASM/G-S, 
and liposomes are stained in blue, orange, green, and red, respectively. bar size is 50 µm.

Macrophages are the main target cells in NPD-b. Thus, cellular uptake was investigated 
in the RAW 264.7 macrophage cell line. The loaded PS, PS-bMP and PG-bMP liposomal 
formulations showed higher cellular uptake by 2, 2.5 and 2.4 times relative to free 
p-rhASM/G-S, respectively, which indicates the preferable uptake of liposomes in RAW 
264.7 cells (Figures 4 and 6). The liposomal formulations with bMP lipid showed greater 
internalisation in RAW 264.7 cells, which indicates that the bMP lipid plays a role in the 
uptake mechanism. Since the uptake of the ASM enzyme via M-6-P receptors is impaired in 
ASM-deficient macrophages, liposomal formulations, following a different uptake pathway, 
showed higher levels of internalisation than free rhASM [16].
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Figure 6: Confocal images of the cellular uptake of free p-rhASM/G-S and PS-bMP liposomal p-rhASM/G-S 
by RAW 264.7 cells. Nuclei, lysosomes, p-rhASM/G-S,and liposomes are stained in blue, orange, green, and red, 
respectively. bar size is 50 µm.

The colocalisation of p-rhASM/G-S in the lysosomes of RAW 264.7 cells was determined 
by calculating the Pearson’s correlation coefficient (PCC) of LysoTracker Red and Alexa 
Fluor 488 from a total of 36 confocal pictures for each formulation. PCC quantifies the 
degree of colocalisation between the used fluorophores, in which 1 equals complete 
positive colocalisation, 0 equals random colocalisation, and -1 equals complete negative 
colocalisation [52]. The loaded liposomal formulations showed positive colocalisation 
between 0.34 to 0.47 compared to free p-rhASM/G-S, which had a random colocalisation 
(Figure 7). These data suggest the improved lysosomal delivery of p-rhASM/G-S by the 
liposomal formulations, compared to free enzymes in RAW 264.7 cells. 
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Figure 7: Colocalisation of labelled p-rhASM/G-S (by Alexa Fluor 488) in different formulations with 
lysosomes (LysoTracker Red DND-99) in RAW 264.7 cells after four hours of incubation. All values 
were normalised to vehicle (50 mM HEPES buffer, pH 7.4, with 0.9% NaCl). Data represent the mean 
(± SD) of three independent samples, each measured one time. C: control; *: p < 0.05 (comparison 
with C). Average numbers of analysed cells were 1,800 cells (±134 SD) for free p-rhASM/G-S, 1,934 
cells (±22 SD) for PS liposomes, 1,842 cells (±80 SD) for loaded PS-bMP liposomes, 1,934 cells (±283 
SD) for PG liposomes and 1,940 cells (±228 SD) for PG-bMP liposomes.

From this study, the superior cellular internalisation of p-rhASM/G-S was observed with 
PS-bMP liposomes compared to other liposomal formulations in all tested cell models. 
Free p-rhASM/G-S and loaded PS-bMP liposomes have a similar cellular uptake in NPD-b 
fibroblasts; however, higher cellular uptake and lysosomal colocalisation in RAW 264.7 cells 
were observed with the loaded PS-bMP liposomes. Hence, this formulation was chosen for 
further investigation.

3.4. Cellular activity of ASM and reduction of accumulated lipids
To determine if the delivery of rhASM to the lysosomes of cells also leads to the reduction 
of sphingolipids, both ASM activity and a reduction in the amount of lyso-sphingomyelin, 
a deacylated form of sphingomyelin, were measured in WT and NPD-b fibroblasts. The 
residual ASM activity in tested NPD-b fibroblasts was 10%, relative to the ASM activity 
level in WT fibroblasts (Figure 8). The primary accumulated material is sphingomyelin, but 
elevated levels of lyso-glycosphingolipids have been detected in the tissues and plasma of 
NPD-b patients [6, 53]. As expected, the NPD-b fibroblasts showed a high accumulation of 
lyso-sphingomyelin at 2,525 pmol/g, compared to WT fibroblasts at 221 pmol/g (Figure 9).
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Figure 8: Determination of ASM activity in NPD-b fibroblasts (derived from a patient) relative to 
ASM activity level in wild-type fibroblasts before and after treatment with free p-rhASM/G-S or 
liposomal formulations for four hours. Data represent the mean (± SD) of two independent samples, 
each performed in duplicate. C: control; *: p < 0.05 (comparison with C).

The incubation of NPD-b fibroblasts with free p-rhASM/G-S and the loaded PS-bMP 
liposomes led to restore the cellular ASM activity to 86% and 40%, respectively, relative to the 
WT fibroblasts. in comparison, non-treated NPD-b fibroblasts showed only 10% residual 
activity (Figure 8). Therefore, we expected a reduction of the accumulated lipids when use 
the ASM-containing formulations. indeed, significant reductions in the accumulated lyso-
sphingomyelin (2,525 pmol/g) in NPD-b fibroblasts were observed by free rhASM and 
loaded PS-bMP liposomes to 1,138 and 729 pmol/g, respectively. Strikingly, non-loaded 
PS-bMP liposomes showed a reduction in lyso-sphingomyelin by 55% in NPD-b fibroblasts 
(Figure 9). Although further investigation is needed, a possible explanation can be that the 
delivery of bMP lipid to lysosomes has contributed to the increased activity of residual 
ASM (Figure 8), an effect that has been reported before [31, 54, 55]. Despite the unexpected 
reduction in lyso-sphingomyelin (55% reduction) induced by non-loaded liposomes, the 
biggest reduction of 71% was obtained with the loaded PS-bMP liposomal formulation, 
demonstrating the superiority of liposomal ASM formulation in substrate reduction.
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Figure 9: Determination of lyso-sphingomyelin amount (in pmol/g of total cellular protein) in wild-
type fibroblasts and NPD-b fibroblasts (derived from a patient) before and after treatment with free 
p-rhASM/G-S or PS-bMP liposomal formulations for four hours, followed by incubation for 20 
hours. Data represent the mean (± SD) of two independent samples, each performed in duplicate. 
#: %reduction in lyso-sphingomyelin accumulation relative to non-treated NPD-b fibroblasts; C: 
control; *: p < 0.05 (comparison with C).

3.5. Fluorometric sphingomyelin degradation assay
The off-target degradation of sphingomyelin by free rhASM could potentially lead to 
undesirable effects, as discussed earlier [10]. To test the level of protection provided by 
liposomes, extracellular sphingomyelin conversion by free p-rhASM/G-S was tested 
in vitro and compared to PS-bMP liposomal formulations. To allow direct interaction, 
the formulations (1 µg for formulations with enzyme) were incubated for four hours 
with different amounts of pure sphingomyelin. The amount of degraded sphingomyelin 
is directly proportional to the measured fluorescent units. At different concentrations 
of sphingomyelin (11, 33, 66, 100 uM), the conversion of sphingomyelin by loaded PS-
bMP was lower by 65%, 65%, 61% and 53% relative to free p-rhASM/G-S. On average, the 
conversion was reduced by 61% (Figure 10).
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Figure 10: Conversion of sphingomyelin by different ASM formulations after 4 hours incubation. The 
amount of degraded sphingomyelin is directly proportional to the measured fluorescence units. Data 
represent the mean (± SD) of a duplicate of one sample. C: Control; #: %reduction in sphingomyelin 
conversion relative to free p-rhASM/G-S. *: p < 0.05 (comparison with C). 

These results show that the liposomal formulation may have a superiority over free rhASM 
in preventing systemic degradation of sphingomyelin in the circulation. Furthermore, the 
amount of enzyme that is sequestered from the environment by liposomal confinement 
could be improved by increasing the molar ratio of bMP lipid in addition to removal of 
p-rhASM/G-S bound to the surface of liposomes using proteinase K.
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4. Conclusions

RhASM was produced using HEK293T/17 and purified using a single-step purification to 
yield 4 mg/L. The purified rhASM was incorporated into four liposomal formulations with 
different compositions. PS-bMP liposomes showed the highest encapsulation efficiency 
and superior cellular uptake by WT fibroblasts, NPD-b fibroblasts, and RAW 264.7 cells 
compared to other liposomal formulations. The accumulated sphingomyelin in NPD-b 
fibroblasts was reduced by 71% and 55% using loaded PS bMP liposomes and free enzyme, 
respectively. importantly, the undesirable degradation of sphingomyelin by free enzyme 
was significantly reduced to 61% when using the loaded PSbMP liposomes. 

incorporation of rhASM into PS-bMP liposomes has improved the efficacy and reduced 
the off-target degradation of sphingomyelin compared to free rhASM in the in vitro studies.



|    Chapter 6

154

References
1 Schuchman EH, Desnick RJ. Types A and b Niemann-Pick disease. Mol Genet Metab 2017; 120: 

27–33.
2 Schuchman EH. The pathogenesis and treatment of acid sphingomyelinase-deficient Niemann-

Pick disease. J inherit Metab Dis 2007; 30: 654–663.
3 Otterbach b, Stoffel W. Acid sphingomyelinase-deficient mice mimic the neurovisceral form of 

human lysosomal storage disease (Niemann-Pick disease). Cell 1995; 81: 1053–1061.
4 McGovern MM, Avetisyan R, Sanson b-J, et al. Disease manifestations and burden of illness 

in patients with acid sphingomyelinase deficiency (ASMD). Orphanet Journal of Rare Diseases 
2017; 12: 41.

5 Jessop E, Upadhyaya S. Ultra orphan drugs: the NHS model for managing extremely rare 
diseases. Expert Opinion on Orphan Drugs 2014; 2: 1301–1308.

6 Wasserstein MP, Diaz GA, Lachmann RH, et al. Olipudase alfa for treatment of acid 
sphingomyelinase deficiency (ASMD): safety and efficacy in adults treated for 30 months. J 
inherit Metab Dis 2018; 1–10.

7 A Long-term study of olipudase alfa in patients with acid sphingomyelinase deficiency. 
ClinicalTrials.gov, https://clinicaltrials.gov/ct2/show/NCT02004704 (accessed 20 July 2018).

8 Efficacy, safety, pharmacodynamic, and pharmacokinetics study of olipudase alfa in patients 
with acid sphingomyelinase deficiency. ClinicalTrials.gov, https://clinicaltrials.gov/ct2/show/
NCT02004691 (accessed 20 July 2018).

9 Safety, tolerability, PK, and efficacy evaluation of repeat ascending doses of olipudase Alfa in 
pediatric patients <18 Years of age with acid sphingomyelinase deficiency. ClinicalTrials.gov, 
https://clinicaltrials.gov/ct2/show/NCT02292654 (accessed 20 July 2018).

10 Murray JM, Thompson AM, Vitsky A, et al. Nonclinical safety assessment of recombinant human 
acid sphingomyelinase (rhASM) for the treatment of acid sphingomyelinase deficiency: the 
utility of animal models of disease in the toxicological evaluation of potential therapeutics. Mol 
Genet Metab 2015; 114: 217–225.

11 Kolesnick R. The therapeutic potential of modulating the ceramide/sphingomyelin pathway. J 
Clin invest 2002; 110: 3–8.

12 Spiegel S, Merrill AH. Sphingolipid metabolism and cell growth regulation. FASEb J 1996; 10: 
1388–1397.

13 Gulbins E, Walter S, becker KA, et al. A central role for the acid sphingomyelinase/ceramide 
system in neurogenesis and major depression. Journal of Neurochemistry; 134: 183–192.

14 Levade T, Augé N, Veldman RJ, et al. Sphingolipid mediators in cardiovascular cell biology and 
pathology. Circ Res 2001; 89: 957–968.

15 Ferlinz K, Hurwitz R, Vielhaber G, et al. Occurrence of two molecular forms of human acid 
sphingomyelinase. biochem J 1994; 301: 855–862.

16 Dhami R, Schuchman EH. Mannose 6-phosphate receptor-mediated uptake is defective in 
acid sphingomyelinase-deficient macrophages: implications for Niemann-Pick disease enzyme 
replacement therapy. J biol Chem 2004; 279: 1526–1532.

17 Rappaport J, Garnacho C, Muro S. Clathrin-mediated endocytosis is impaired in type 
A-b Niemann-Pick disease model cells and can be restored by iCAM-1-mediated enzyme 
replacement. Mol Pharm 2014; 11: 2887–2895.



C
ha

pt
er

 6

Liposome-targeted rhASM: Production, formulation, and in	vitro evaluation    |

155

18 Rappaport J, Manthe RL, Garnacho C, et al. Altered clathrin-independent endocytosis in type A 
Niemann-Pick disease cells and rescue by iCAM-1-targeted enzyme delivery. Mol Pharm 2015; 
12: 1366–1376.

19 Fu K, Pack DW, Klibanov AM, et al. Visual evidence of acidic environment within degrading 
poly(lactic-co-glycolic acid) (PLGA) microspheres. Pharm Res 2000; 17: 100–106.

20 Weert M van de, Hennink WE, Jiskoot W. Protein instability in poly(lactic-co-glycolic acid) 
microparticles. Pharm Res 2000; 17: 1159–1167.

21 Sercombe L, Veerati T, Moheimani F, et al. Advances and challenges of liposome assisted drug 
delivery. Front Pharmacol 2015; 6: 286.

22 Ahsan F, Rivas iP, Khan MA, et al. Targeting to macrophages: role of physicochemical properties 
of particulate carriers--liposomes and microspheres--on the phagocytosis by macrophages. J 
Control Release 2002; 79: 29–40.

23 Dhami R, He X, Gordon RE, et al. Analysis of the lung pathology and alveolar macrophage 
function in the acid sphingomyelinase deficient mouse model of Niemann-Pick disease. Lab 
invest 2001; 81: 987–999.

24 Daemen T, Velinova M, Regts J, et al. Different intrahepatic distribution of phosphatidylglycerol 
and phosphatidylserine liposomes in the rat. Hepatology 1997; 26: 416–423.

25 Yan X, Scherphof GL, Kamps JAAM. Liposome opsonization. Journal of Liposome Research 
2005; 15: 109–139.

26 Cullis PR, Chonn A, Semple SC. interactions of liposomes and lipid-based carrier systems with 
blood proteins: Relation to clearance behaviour in vivo. Adv Drug Deliv Rev 1998; 32: 3–17.

27 Liu D, Liu F, Song YK. Recognition and clearance of liposomes containing phosphatidylserine 
are mediated by serum opsonin. biochim biophys Acta 1995; 1235: 140–146.

28 Scherphof G, Roerdink F, Waite M, et al. Disintegration of phosphatidylcholine liposomes in 
plasma as a result of interaction with high-density lipoproteins. biochim biophys Acta 1978; 542: 
296–307.

29 Harashima H, Sakata K, Funato K, et al. Enhanced hepatic uptake of liposomes through 
complement activation depending on the size of liposomes. Pharm Res 1994; 11: 402–406.

30 Aggarwal P, Hall Jb, McLeland Cb, et al. Nanoparticle interaction with plasma proteins as it 
relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv Drug Deliv Rev 
2009; 61: 428–437.

31 Linke T, Wilkening G, Lansmann S, et al. Stimulation of acid sphingomyelinase activity by 
lysosomal lipids and sphingolipid activator proteins. biol Chem 2001; 382: 283–290.

32 Xiong Z-J, Huang J, Poda G, et al. Structure of human acid sphingomyelinase reveals the role of 
the saposin domain in activating substrate hydrolysis. J Mol biol 2016; 428: 3026–3042.

33 Möbius W, van Donselaar E, Ohno-iwashita Y, et al. Recycling compartments and the internal 
vesicles of multivesicular bodies harbor most of the cholesterol found in the endocytic pathway. 
Traffic 2003; 4: 222–231.

34 Oninla VO, breiden b, babalola JO, et al. Acid sphingomyelinase activity is regulated by 
membrane lipids and facilitates cholesterol transfer by NPC2. J Lipid Res 2014; 55: 2606–2619.

35 Jenkins RW, Canals D, Hannun YA. Roles and regulation of secretory and lysosomal acid 
sphingomyelinase. Cell Signal 2009; 21: 836–846.

36 de Vries RP, de Vries E, bosch bJ, et al. The influenza A virus hemagglutinin glycosylation state 
affects receptor-binding specificity. Virology 2010; 403: 17–25.



|    Chapter 6

156

37 Moll M, Kaufmann A, Maisner A. influence of N-Glycans on Processing and biological Activity 
of the Nipah Virus Fusion Protein. J Virol 2004; 78: 7274–7278.

38 Freeze HH, Kranz C. Endoglycosidase and Glycoamidase Release of N-Linked Glycans. Curr 
Protoc Mol biol; 0 17. Epub ahead of print January 2010. DOi: 10.1002/0471142727.mb1713as89.

39 Zhang H. Thin-film hydration followed by extrusion method for liposome preparation. Methods 
Mol biol 2017; 1522: 17–22.

40 Antimisiaris SG. Preparation of DRV liposomes. Methods Mol biol 2017; 1522: 23–47.
41 Fiske CH, Subbarow Y. The colorimetric determination of phosphorus. J biol Chem 1925; 66: 

375–400.
42 bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J biochem 

Physiol 1959; 37: 911–917.
43 Voorink-Moret M, Goorden SMi, van Kuilenburg AbP, et al. Rapid screening for lipid storage 

disorders using biochemical markers. Molecular Genetics and Metabolism 2018; 123: 76–84.
44 Hasilik A. The early and late processing of lysosomal enzymes: proteolysis and compartmentation. 

Experientia 1992; 48: 130–151.
45 von Figura K, Hasilik A. Lysosomal enzymes and their receptors. Annu Rev biochem 1986; 55: 

167–193.
46 Lansmann S, Ferlinz K, Hurwitz R, et al. Purification of acid sphingomyelinase from human 

placenta: characterization and N-terminal sequence. FEbS Lett 1996; 399: 227–231.
47 Qiu H, Edmunds T, baker-Malcolm J, et al. Activation of human acid sphingomyelinase through 

modification or deletion of C-terminal cysteine. J biol Chem 2003; 278: 32744–32752.
48 Dalton AC, barton WA. Over-expression of secreted proteins from mammalian cell lines. Protein 

Sci 2014; 23: 517–525.
49 He X, Miranda SR, Xiong X, et al. Characterization of human acid sphingomyelinase purified 

from the media of overexpressing Chinese hamster ovary cells. biochim biophys Acta 1999; 
1432: 251–264.

50 Kang JH, Jang WY, Ko YT. The effect of surface charges on the cellular uptake of liposomes 
investigated by live cell imaging. Pharm Res 2017; 34: 704–717.

51 Kamps J, Scherphof G. Receptor versus non-receptor mediated clearance of liposomes. Adv Drug 
Deliv Rev 1998; 32: 81–97.

52 Adler J, Parmryd i. Quantifying colocalization by correlation: the Pearson correlation coefficient 
is superior to the Mander’s overlap coefficient. Cytometry A 2010; 77: 733–742.

53 Chuang W-L, Pacheco J, Cooper S, et al. Lyso-sphingomyelin is elevated in dried blood spots of 
Niemann-Pick b patients. Mol Genet Metab 2014; 111: 209–211.

54 Kolter T, Sandhoff K. Principles of lysosomal membrane digestion: stimulation of sphingolipid 
degradation by sphingolipid activator proteins and anionic lysosomal lipids. Annu Rev Cell Dev 
biol 2005; 21: 81–103.

55 Kirkegaard T, Roth AG, Petersen NHT, et al. Hsp70 stabilizes lysosomes and reverts Niemann–
Pick disease-associated lysosomal pathology. Nature 2010; 463: 549–553.

56 World Medical Association. World Medical Association Declaration of Helsinki: ethical 
principles for medical research involving human subjects. JAMA 2013; 310: 2191–2194.



C
ha

pt
er

 6

Liposome-targeted rhASM: Production, formulation, and in	vitro evaluation    |

157

Appendix: Supplementary data

Figure S1. A. DNA sequence of human ASM precursor form; B. DNA sequance of human ASM 
mature form.

A

B
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Figure S2. A. Amino acid sequence of ASM precursor form. The highlighted amino acids (in red) are 
not present in ASM mature form; B. Amino acid sequence of ASM mature form.

Figure S3. The specific enzyme activity of partially purified rhASM precursor and mature forms. Data 
represent the mean (± SD) of a duplicate of one sample. p-rhASM/G-S: rhASM precursor form fused 
with superfolder GFP and twin-strep-tag ii on C- terminus; S-G/m-rhASM: rhASM mature form 
fused with superfolder GFP and twin-strep-tag ii on N- terminus. The partially purified enzymes 
were corrected to the same concentration and 100 ng was used for kinetic assay. 

A

B
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Figure S4. The average hydrodynamic diameters of liposomal formulations stored at 4°C for 30 days. 
bars per group represent measurments at day 1, 7, 21, and 30 respectively. Data represent the mean (± 
SD) of a duplicate of one sample. C: measurment at day 1 as control; *: p < 0.05 (comparison with C); 
PS: (69% DPPC:20% DOPS:10% CHOL:1% DiD); PS-bMP: (59% DPPC:20% DOPS:10% bMP:10% 
CHOL:1% DiD); PG: (69% DPPC:20% DPPG:10% CHOL:1% DiD); PG-bMP: (59% DPPC:20% 
DPPG:10% bMP:10% CHOL:1% DiD).





C
H

A
PT

ER
 7

Summary and Discussion





C
ha

pt
er

 7

Summary and Discussion    |

163

1. Summary

The access to orphan drugs is limited in most countries, especially in low- and middle-
income countries (LMiCs). in addition, many rare diseases lack effective treatment and only 
4% of these diseases have specific drugs. in this thesis, we have highlighted the challenges 
for accessibility and availability of orphan drugs, and potential solutions to overcome these 
challenges are suggested. 

in chapter 1, the main factors determining the access to orphan drugs were highlighted: 
drug pricing, health intervention assessment outcomes and the level and type of health 
coverage. Different approaches are used with these factors to increase the level of access to 
orphan drugs. External/internal referencing, value-based pricing and negotiations are the 
most used approaches for drug pricing which is influenced by disease burden. For health 
intervention assessment, cost-effectiveness and cost-utility analyses are the most used 
approaches which are influenced by drug price, gross domestic product (GDP) per capita 
and disease burden. The health coverage can be offered through health insurance with 
or without patient cost-sharing, that are influenced by drug price and the level of health 
expenditure per capita a country can afford.

Knowing a disease burden can provide a negotiation power for drug pricing, however, 
this information is often lacking in LMiCs. in addition, using the GDP-based approach 
to set the cost-effectiveness threshold is not recommended for LMiCs; however, it can be 
employed when considering other factors like disease burden and budget setting. More 
importantly, the low health expenditures per capita served in LMiCs (4.8% and 5.1%, 
respectively) compared to high-income countries (13.5%) are associated with high patient 
cost-sharing, which influences the access to orphan drugs. Given that, increasing the health 
expenditures per capita and providing specific funding programs, especially with limited 
purchasing power of individuals, would decrease the patient cost-sharing and improve the 
access to orphan drugs in LMiCs.

Furthermore, two approaches were investigated to improve the access to orphan 
drugs. The first approach is to use bedside production to provide affordable versions for 
off-patent orphan drugs, in which the economic feasibility was investigated and showed 
that this approach can be a cost-effective (chapter 3). The second approach is to use cost-
based approach as an additional pricing tool during pricing of orphan drugs, in which the 
financial performance for a sample of orphan drugs was analyzed and showed that these 
drugs recouped their investment and generated substantial profits that might be driven by 
high prices. Therefore, using cost-based approach may assist to establish a benchmark price 
level during pricing of orphan drugs to avoid overpricing that would influence the access 
to these drugs (chapter 4).

in terms of availability of orphan drugs, only a limited number of rare diseases have 
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specific therapies due to several drug development challenges that were summarized in 
Table 1. To overcome some of these challenges, collaborative approaches need to employ 
heavily to share benefits, risk and resources (Table 1). An example for this approach, Utrecht 
Centre for Affordable biotherapeutics (Utrecht University, Utrecht, The Netherlands), 
which aims to improve access of biotherapeutics to patients in LMiCs, has initiated a 
collaborative project between four pharmaceutical companies to produce an affordable 
version of Palivizumab, which is used to prevent the infection of respiratory syncytial virus 
[1]. 

in addition, investment in rare diseases research are essential to fill the knowledge 
gaps and provide basic research for drug discovery and development. To contribute in 
the treatment availability for an ultra-rare disease, we involved in the drug development 
for Niemann-Pick type b. A delivery system was developed for an investigational drug 
“olipudase alfa” to prevent or minimize the systemic toxicity that was observed in vivo due 
to direct systemic exposure of olipudase alfa (chapter 6).

Table 1: Summary of challenges in the drug development for rare diseases and some potential 
solutions to overcome these challenges.

Challenge Limiting factor(s) Consequence(s) Potential solution(s)

High number of rare 
diseases

Development of a commercial drug 
takes long time. Given the number 
of rare diseases (~7000) and annual 
approval rate at 35 orphan drugs 
per year, it will require 200 years to 
provide drugs for all diseases

Limited number of 
rare diseases that 
have specific drugs

None

Low number of patients 
with rare diseases

Difficulties in clinical trial such 
as trial design and appropriate 
biostatistical methods

Difficulties 
in drug 
development

Collaborative drug 
development programme 
by a consortium of 
companies

Very low number of 
patients with ultra-rare 
diseases

-  Difficulties in clinical 
development.

-  Uncertainty of reimbursement  
due to high prices.

-  Market challenges.

Lack of interest to 
develop drugs by 
pharma companies

Collaborative drug 
development approach 
between countries that 
have a high burden of 
same disease

Lack of research data -  Rarity of diseases.
-  Low number of research projects 

given the high number of rare 
diseases.

Hamper the ability 
to develop drugs

More efforts and projects 
in the rare diseases 
research

in chapter 2, the concept of bedside (magistral) production is introduced to provide 
alternative versions of unaffordable drugs at point-of-care. The drug production is tailored 
to the needs and demands of patients with rare diseases or needing individual treatment. 
in the United States and Europe, magistral compounding is exempted from marketing 
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authorization and detailed manufacturing regulations which reduce development time and 
cost; also, there is no need for drug commercialization since the drug will be given directly 
to the patient which circumvents marketing and distribution costs. 

The magistral drug is produced based on a named prescription written by a physician 
who will monitor the patient closely during treatment. Magistral compounding implies 
complete traceability of the treatment and the opportunity to intervene swiftly in case 
something goes wrong; and therefore, the risks are expected to be better controlled, if any.

However, there is still a need for specific regulations for magistral compounding to 
ensure proper manufacturing practices, quality and safety. These regulations should be 
flexible to allow implementation of new technologies and to meet the requirements of the 
twenty-first century ambition for personalization of treatment. The proposed production 
system should ideally be automated, single-use, GMP-grade, scalable and mobile allowing 
ready implementation in a hospital pharmacy for cost-effective production. Several 
biological drugs, that are off-patent and have no commercial competitors, were selected for 
pilot program to study the feasibility of this approach. The first attempt was by preparing 
the chenodeoxycholic acid (CDCA) using magistral approach at Amsterdam University 
Medical Center (Amsterdam, The Netherlands), in which the treatment cost was reduced 
from $190,000 to $28,000 per year for 50 patients which could save $8 million per year; 
however, the preparation was halted till improve the quality of CDCA to comply with 
certain specifications [2].

in addition, Myozyme® (alglucosidase alfa) was one of the selected drugs for this 
approach. The economic feasibility for bedside production of alglucosidase alfa was 
studied in chapter 3. Alglucosidase alfa is a recombinant human acid alpha-glucosidases 
(rhGAA) that is used to treat Pompe disease, a rare genetic disorder with an incidence of 1 
in every 40,000 births, with an average yearly treatment cost of $401,452 per adult patient 
[3]. A small-scale production of rhGAA was established by generating suspension cell line 
using Chinese hamster ovary (CHO) cells. One of the characterized clones of this cell line 
produced approximately 398-474 mg of rhGAA per liter. A three-step purification process 
was used to purify rhGAA from the fed-batch culture supernatant of CHO cells and yielded 
rhGAA at acceptable protein purity to allow the cost estimation. The major requirements 
for bedside production of rhGAA in a hospital pharmacy that have a high impact on the 
final cost were considered during cost estimation. based on the yield of rhGAA from small-
scale production, a production capacity of 25 L can yield ~134 grams of rhGAA per year 
costing $3,484 per gram which is 71% lower than the treatment cost using Myozyme [4]. 
The estimated yield of rhGAA enables treatment of 14 children (average body weight of 20 
kg) or four adults (average body weight of 70 kg) who receive 20 mg/kg every two weeks 
for one year as the recommended dose regimen [4]. This study shows that small-scale 
production of rhGAA at the point-of-care could be economically feasible and may offer a 



|    Chapter 7

166

substantial reduction in treatment costs.
The second objective of thesis was to investigate the financial performance for selected 

orphan drugs since high prices of orphan drugs are often justified to enable recouping of 
development costs and generating profits from small pool of patients [5, 6]. The findings 
of this study can give an indication for suitability of cost-based approach to be used as 
additional tool during pricing of orphan drugs. in the chapter 4, sixteen orphan drugs (8 
metabolic drugs and 8 oncology drugs) were selected. Their total development (pre- and 
post-approval) costs and profits (actual and forecasted for 20 years) were collected, estimated 
and analyzed. The direct expenses that include cost of goods sold, selling expenses, general 
and administrative expenses were deducted from drug’s net sales and considered as gross 
profits. The median development cost for all selected drugs was estimated at $779 million, 
in which metabolic and oncology drugs costed $550 and $2,103 million, respectively. 
interestingly, all selected drugs showed a remarkable increase in the development costs after 
approval due to post-marketing commitments or continuing of development. The median 
costs of post-approval represented 48%, 65% and 61% of total costs for metabolic, oncology 
and all selected drugs, respectively. The occurrence and type of development phases were 
the main drivers for the development costs. The median gross profit for all selected drugs 
was estimated at $3,508 million, in which the metabolic and oncology drugs profited $2,901 
and $8,188 million, respectively. Fourteen out of the sixteen orphan drugs expected to 
recoup their investment and generate substantial profits. The median recoup of investment 
was 376% for all selected drugs, in which the metabolic and oncology drugs were 476% 
and 264%, respectively. Therefore, setting high prices to enable recoup of investment and 
generating profits is not a valid justification for the selected orphan drugs; and these findings 
may extend to other orphan drugs. The generated high profits may be powered by the high 
prices; therefore, there is a need for a careful pricing of orphan drugs to avoid overpricing 
that would influence the access to these drugs.

The third objective of thesis was to contribute in drug development for Niemann-Pick 
disease type b (ultra-rare disease) for which there is no treatment available yet. Olipudase 
alfa (recombinant human acid sphingomyelinase, rhASM) is an investigational drug that 
showed to cause systemic toxicity in vivo at high doses which narrows the therapeutic 
window [7–9]. A drug delivery system for rhASM was developed to prevent or minimize 
the systemic toxicity.

in chapter 5, the transient expression of rhASM was described using Escherichia coli 
(E. coli) and CHO cells. bacterial cells are known for high protein expression compared to 
mammalian cells [10]. However, E. coli is not able to produce glycosylated proteins [11]. 
A nanocarrier that will deliver the enzyme into target cells may abolish the necessity for 
glycosylation. 

The expression level of rhASM in E. coli was approximately 10 mg/L; unlike the rhASM 
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expression in CHO cells that was detectable based on Western blotting analysis but not 
quantifiable. However, the rhASM produced in E. coli was not enzymatically active, unlike 
the CHO product, which indicated the need of glycosylation for enzyme activity. because 
of the low yield in CHO cells, another mammalian cell (human embryonic kidney [HEK] 
293 cells) was used that known to have high transfectability and productivity compared to 
CHO cells [12].

 In chapter 6, the expression of rhASM in HEK 293 cells and its formulation in liposomes 
were described. Quantifiable levels of enzymatically active rhASM were obtained. The 
rhASM was produced on a scale of 3 L per batch and the strep-tagged rhASM was isolated 
from the supernatant using a single-step affinity chromatography purification. The yield of 
purified rhASM was 4 mg/L (> 90% protein purity). 

Two liposome preparation methods were tested for total enzyme loading efficiency 
(encapsulated and surface-bound) and recovery of enzyme activity after formulation. Using 
the dried-reconstituted vesicles (DRV) method, the loading efficiency and enzyme activity 
were 62% and 100% compared to 28% and 20% using the lipid film hydration method, 
respectively. Therefore, the DRV method was used to prepare four liposomal formulations 
with different lipid compositions and molar ratios. 

The optimal formulation was selected based on encapsulation efficiency of rhASM and in 
vitro cellular uptake. Among four formulations, the liposomal rhASM (named, PS-bMP)—
with a composition of 59 mol% DPPC: 20 mol% DOPS: 10 mol% bMP: 10 mol% CHOL, 1 
mol% DiD—demonstrated superiority in terms of rhASM loading efficiency (50%), rhASM 
encapsulation efficiency (21%) and in vitro cellular uptake by normal fibroblasts, patient 
fibroblasts and RAW 264.7 macrophages. 

The functional delivery of the PS-bMP liposomal rhASM was evaluated by studying the 
level of correction for the accumulated lipids (lyso-sphingomyelin) in patient fibroblasts. 
The accumulated lyso-sphingomyelin was reduced by 71% using the PS-bMP liposomal 
rhASM and 55% using the free rhASM. The protection of rhASM by PS-bMP liposomes 
from unwanted extracellular sphingomyelin degradation was evaluated. The PS-bMP 
liposomal rhASM reduced the extracellular degradation of sphingomyelin by 61% compared 
to free rhASM, thus minimizing the extracellular degradation. The in vitro data indicate 
that the PS-bMP liposomal rhASM is effective and may provide a safer intervention than 
free rhASM.
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2. Research limitations and recommendations

2.1.  Improve access to orphan drugs

2.1.1.	Bedside	production	for	off-patent	orphan	drugs
in chapters 2 and 3, the bedside production for off-patent orphan drugs was introduced as 
a potential approach to improve access through providing affordable versions; in addition, 
the economic feasibility of this approach was estimated through small-scale production 
of rhGAA that showed a substantial reduction in treatment cost. However, the estimated 
reduction in treatment cost was based on considering the major requirements that needed 
for bedside production; therefore, this reduction may be overestimated. in addition, this 
estimate can be limited to rhGAA and other therapeutic proteins that have similar protein 
characteristics and production method, since the complexity of molecular structure and 
production would influence the production cost. 

Performing a pilot production in a hospital pharmacy would give a better estimation 
for actual costs and unforeseen technical hurdles. in addition, specific regulations may be 
needed to avoid the misuse of the system. However, these regulations should be smart, open 
and flexible to meet the aim of improving the access to orphan drugs. 

2.1.2.	Drug	pricing	approach	based	on	development	cost
in chapter 4, the financial performance for the selected orphan drugs showed that these 
drugs can recoup their investment and generate substantial profits. Therefore, their high 
prices may not be justified by poor financial performance and difficulties to recoup the 
investment. However, generalizing these findings on majority of orphan drugs may not 
be appropriate due to limited number of drugs that used in the analysis compared with 
the total number of approved orphan drugs (503) [13]. in addition, only two disease areas 
were included in this analysis due to lack of data which may not reflect other disease areas. 
Performing the financial analysis on a large sample with inclusion of other disease areas 
would give a wider and better outcome. Therefore, using a cost-based approach may require 
more investigation before adopting such approach.

2.2. Drug development for Niemann-Pick disease type B
in chapter 6, the developed PS-bMP liposomal rhASM showed promising results in vitro 
to reduce the degradation of extracellular sphingomyelin. However, the surface bound 
rhASM to liposomes was a limiting factor to achieve a complete prevention of degradation 
of extracellular sphingomyelin by rhASM. Removing rhASM from liposomal surface can be 
achieved by degrading the enzyme using proteinase k; however, purifying the formulation 
from degraded protein and proteinase K may be a challenge. in addition, the liposomes 
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are known to be biodegradable [14]; however, NPD type b is a lipid storage disease that 
is associated specifically with sphingomyelin accumulation; therefore, studying the fate of 
used lipids in liposomes is important to ensure that these lipids will not be accumulated 
and worsen the disease condition [15, 16]. Also, the integrity of liposomes is crucial for 
rhASM protection during its delivery to target cells, especially in a biological media due 
to interaction with plasma proteins. Given the above, it is recommended to study these 
challenges when performing in vivo study.

3. Future perspectives

3.1. Access to orphan drugs
The regulatory incentives have played a major role to encourage the pharmaceutical 
companies to develop orphan drugs; however, the access to these drugs was not a major 
concern when launch these incentives. The current situation of access to orphan drugs has 
become a major concern especially in the LMiCs; and with increasing of drug prices, the 
access to orphan drugs may be of concern in the high-income countries. 

in the current circumstances, the access to medicine may become part of regulations in 
the coming years and other incentives may be given to enable this integration.

3.2. Availability of orphan drugs
The advances in science and technology have enabled the introduction of new medications 
and accelerated the drug discovery and development. in the last decade, gene- and 
immuno-therapies were introduced for some rare diseases; in addition, the rate of number 
of approved drugs has increased. improving the availability of orphan drugs is dependent 
on changes in the drug development model driven by science and technology. However, the 
biggest challenge for rare diseases, especially ultra-rare diseases, is the clinical development 
with a limited number of patients. The emerging of in vitro and in silico clinical trials as 
assessment tools for safety and efficacy can help to predict the outcomes and therefore 
design the appropriate human clinical trials.
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4. Key points from this thesis

1. bedside production could be a feasible approach to improve access to off-patent 
orphan drugs; however, a pilot production in a hospital pharmacy setting needs to be 
performed to assess the economic and technical feasibility.

2. Using a cost-based approach for pricing of orphan drugs needs more investigation in 
a larger number of orphan drugs and careful consideration for the increase in post-
approval costs due to continuous development.

3. investing in basic research is essential for the development of orphan drugs and 
to enable their availability. in this thesis, we have made the first steps towards the 
development of liposomal rhASM that promises a safer intervention than rhASM 
in vitro. This drug delivery system could be a potential treatment for NPD type b; 
however, in vivo studies are required for more comprehensive evaluation.

in the end, patients with life-threatening diseases of which many are rare diseases have the 
right to receive a proper treatment based on the international law, and all possible efforts 
should be undertaken to achieve this [17, 18].
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De toegang tot weesgeneesmiddelen is in de meeste landen beperkt, vooral in landen met lage 
en middelhoge inkomens (LMiC’s). bovendien kunnen vele zeldzame ziekten niet worden 
behandeld en zijn er voor slechts 4% van de zeldzame ziekten specifieke geneesmiddelen. in 
deze thesis hebben we de uitdagingen op het gebied van toegang en beschikbaarheid belicht 
en diverse oplossingen voor deze uitdagingen voorgesteld. 

in hoofdstuk 1 zijn de belangrijkste factoren belicht die de toegang tot 
weesgeneesmiddelen bepalen: geneesmiddelenprijzen, uitkomsten van evaluaties van 
gezondheidsinterventies en het niveau en type van de dekking van zorgkosten. Ten aanzien 
van deze factoren worden uiteenlopende aanpakken gebruikt om het niveau van toegang 
te verhogen. Externe en interne prijsvergelijkingen, op waarde gebaseerde beoordelingen 
en onderhandelingen met de zorginstituten zijn de meest gebruikte aanpakken voor het 
bepalen van geneesmiddelenprijzen; deze worden beïnvloed door de ziektelast. Voor de 
evaluatie van gezondheidsinterventies zijn kosteneffectiviteit en kosten-batenanalyse 
de meest gebruikte aanpakken; deze worden beïnvloed door geneesmiddelprijs, bruto 
binnenlands product (bbP) per hoofd van de bevolking en ziektelast. De dekking van 
zorgkosten kan plaatsvinden via door zorgverzekeringen en/of patiënten gedeelde kosten; 
dit wordt beïnvloed door de geneesmiddelenprijzen en het niveau van gezondheidsuitgaven 
per hoofd van de bevolking dat een land zich kan veroorloven. 

Het is belangrijk om de ziektelast te kennen bij het onderhandelen over 
geneesmiddelenprijzen, maar vooral in LMiC’s kunnen deze gegevens ontbreken. 
bovendien wordt het niet aanbevolen een op het bbP gebaseerde benadering te gebruiken 
om de drempels voor kosteneffectiviteit te bepalen, in het bijzonder in LMiC’s, waar 
rekening moet worden gehouden met andere factoren zoals ziektelast en begrotingsniveaus. 
De lage gezondheidsuitgaven per hoofd van de bevolking in LMiC’s (4,8% resp. 5,1% in 
landen met lage en middelhoge inkomens) in vergelijking met landen met hoge inkomens 
(13,5%) gaan gepaard met hoge kostenaandelen van patiënten, hetgeen invloed heeft op de 
toegang tot weesgeneesmiddelen. Omdat de prijzen van weesgeneesmiddelen hoog zijn, 
zouden het verhogen van de gezondheidsuitgaven per hoofd van de bevolking en specifieke 
financieringsprogramma’s voor dekking van de kostenaandelen van patiënten de toegang 
tot weesgeneesmiddelen in LMiC’s kunnen verbeteren.

Daarnaast werden twee aanpakken aanbevolen om de toegang tot weesgeneesmiddelen 
te verbeteren. De eerste aanpak is gebruik te maken van bereiding aan het bed om 
betaalbare versies van niet meer geoctrooieerde weesgeneesmiddelen te verstrekken, 
waarbij de economische haalbaarheid daarvan werd onderzocht en werd aangetoond 
dat deze aanpak kostenefficiënt kan zijn (hoofdstuk 3). De tweede aanpak is gebruik te 
maken van een op kosten gebaseerde benadering als aanvullend prijsstellingshulpmiddel 
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bij het bepalen van de prijzen van weesgeneesmiddelen, waarbij de financiële prestaties 
voor een voorbeeldweesgeneesmiddel werden geanalyseerd en werd aangetoond dat deze 
geneesmiddelen hun investeringen terugverdienden en aanzienlijke winsten genereerden, 
mogelijk aangedreven door de hoge prijzen. Het gebruiken van een op kosten gebaseerde 
benadering kan daarom helpen bij het vaststellen van een ijkpunt voor het prijsniveau van 
weesgeneesmiddelen, teneinde te hoge prijsstellingen te voorkomen die de toegang tot deze 
geneesmiddelen zouden kunnen beïnvloeden (hoofdstuk 4).

Wat betreft de beschikbaarheid van weesgeneesmiddelen zijn er voor slechts een 
beperkt aantal zeldzame ziekten specifieke behandelingen, als gevolg van diverse 
uitdagingen; deze zijn samengevat in Tabel 1. Om deze uitdagingen te overwinnen, zijn 
gezamenlijke aanpakken nodig om voordelen, risico’s en hulpmiddelen te delen (Tabel 1). 
Als voorbeeld van deze aanpak heeft het Utrecht Centre for Affordable biotherapeutics 
(UCAb, Universiteit Utrecht, Nederland), dat streeft naar verbetering van de toegang tot 
biotherapeutica voor patiënten in LMiC’s, een samenwerkingsproject geïnitieerd tussen vier 
farmaceutische bedrijven voor het produceren van een betaalbare versie van palivizumab, 
dat wordt gebruikt om infectie met het respiratoir syncytieel virus (RSV) te behandelen. 

Daarnaast zijn investeringen in het onderzoek naar zeldzame ziekten van essentieel 
belang om leemten in kennis op te vullen en basisonderzoek voor het ontdekken en 
ontwikkelen van geneesmiddelen mogelijk te maken. Als voorbeeld hebben we een 
toediensysteem ontwikkeld voor ‘olipudase alfa’, een geneesmiddel in onderzoek, om de 
systemische toxiciteit die in vivo is waargenomen als gevolg van rechtstreekse systemische 
blootstelling aan olipudase alfa te voorkomen of te reduceren (hoofdstuk 6).
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Tabel 1: Samenvatting van uitdagingen bij geneesmiddelenontwikkeling voor zeldzame ziekten en 
enkele mogelijke oplossingen om deze uitdagingen te overwinnen.

Uitdaging Beperkende factor(en) Consequentie(s) Mogelijke oplossing(en)

Groot aantal 
zeldzame ziekten

Ontwikkeling van commerciële 
geneesmiddelen duurt lang. 
Gezien het aantal zeldzame 
ziekten (ca. 7000) en het jaarlijkse 
goedkeuringspercentage van 35 
weesgeneesmiddelen per jaar, duurt 
het 200 jaar om voor alle ziekten 
geneesmiddelen te bieden

Klein aantal beschikbare 
geneesmiddelen

Geen

Klein aantal patiënten 
met zeldzame ziekten

Moeilijkheden bij klinische studies, 
bijvoorbeeld studieopzet en 
geschikte biostatistische methoden

Moeilijkheden 
bij geneesmiddelen-
ontwikkeling

Programma voor 
gezamenlijke 
geneesmiddelen-
ontwikkeling door 
een consortium van 
bedrijven

Zeer klein aantal 
patiënten met zeer 
zeldzame ziekten

-  Moeilijkheden bij klinische
ontwikkeling.
-  Onzekerheid over vergoeding als 

gevolg van hoge prijzen.
-  Uitdagingen i.v.m. de markt.

Gebrek aan interesse 
in het ontwikkelen 
van geneesmiddelen 
bij farmaceutische 
bedrijven

Aanpak voor 
gezamenlijke 
geneesmiddelen-
ontwikkeling door 
landen met een hoge 
ziektelast van dezelfde 
ziekte

Gebrek aan 
onderzoeksgegevens

-  Zeldzaamheid van ziekten.
-  Klein aantal onderzoeksprojecten 

in vergelijking met groot aantal 
zeldzame ziekten.

belemmert het 
vermogen om 
geneesmiddelen te 
ontwikkelen

Meer inspanningen en 
projecten in het kader 
van onderzoek naar 
zeldzame ziekten

in hoofdstuk 2 wordt het concept van bereiding aan het bed (magistrale bereiding) 
geïntroduceerd, waarbij alternatieve versies van weesgeneesmiddelen worden verstrekt 
waarvan het octrooi is verlopen maar die vanwege de hoge kosten niet binnen bereik liggen 
van vele patiënten in LMiC. De bereiding van de geneesmiddelen wordt aangepast aan de 
behoeften en eisen van de patiënten met zeldzame ziekten of van patiënten die individuele 
behandeling nodig hebben. in de Verenigde Staten en Europa is magistrale bereiding 
vrijgesteld van gedetailleerde regelgeving voor productie die wel gelden voor commerciële 
geneesmiddelen met een handelsvergunning, waardoor de ontwikkeltijd en -kosten 
worden gereduceerd. bovendien is er geen handel van het geneesmiddel nodig omdat 
dit rechtstreeks aan de patiënt wordt verstrekt, waardoor marketing- en distributiekosten 
kunnen worden omzeild. 

Het magistraal bereide geneesmiddel wordt geproduceerd op basis van een op naam 
geschreven recept van een arts, die tijdens de behandeling nauw toezicht houdt op de 
patiënt. Magistrale bereiding impliceert volledige traceerbaarheid van de behandeling en 
de mogelijkheid om snel te kunnen ingrijpen wanneer er iets fout gaat, waardoor de risico’s 
kleiner zijn dan bij conventionele geneesmiddelenontwikkeling. 
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Toch is specifieke regelgeving voor magistrale bereiding nog steeds nodig, ter waarborging 
van goede productiepraktijken, de kwaliteit en de veiligheid. Deze regelgeving moet flexibel 
zijn, zodat implementatie van nieuwe technologieën mogelijk is alswel personalisatie van 
behandeling. Het voorgestelde productiesysteem zou in het ideale geval geautomatiseerd, 
geschikt voor eenmalig gebruik, met een kwaliteit op GMP-niveau, schaalbaar en mobiel 
moeten zijn om kant-en-klare implementatie in ziekenhuisapotheken mogelijk te maken 
voor een kostenefficiënte productie. Voor het haalbaarheidsonderzoek naar magistrale 
bereiding  werden verschillende biologische geneesmiddelen geselecteerd waarvan het 
octrooi is verlopen en waarvoor geen alternatieve geneesmiddelen beschikbaar zijn.. De 
eerste poging bestond uit het bereiden van chenodeoxycholzuur (CDCA) met behulp van 
de aanpak voor magistrale bereiding van het Academisch Medisch Centrum (AMC) van 
de Universiteit van Amsterdam (Nederland), waarbij voor 50 patiënten de behandelkosten 
werden gereduceerd van $ 190.000 tot $ 28.000 per jaar, waardoor in totaal $ 8 miljoen per 
jaar zou kunnen worden bespaard. 

Daarnaast was Myozyme® (alglucosidase alfa) een van de geselecteerde geneesmiddelen 
voor deze aanpak. in hoofdstuk 3 werd de economische haalbaarheid voor bereiding 
aan het bed van alglucosidase alfa onderzocht. Alglucosidase alfa is een recombinante 
humane lysosomale  α-glucosidase (rhGAA), dat wordt gebruikt om de ziekte van Pompe 
te behandelen, een zeldzame genetische aandoening met een incidentie van 1 op de 40.000 
geboorten en gemiddelde jaarlijkse behandelkosten van $ 401.452 per volwassen patiënt. 
Er werd een kleinschalige productie van rhGAA tot stand gebracht door een suspensie 
cellijn te genereren gebaseerd op Chinese hamsterovariumcellen (CHO-cellen) die het 
recombinante enzym stabiel tot expressie brachten. Een van de gekarakteriseerde klonen 
van deze cellijnen produceerde ca. 398 - 474 mg rhGAA per liter. Er werd, om een reële 
kostenberaming mogelijk te maken, een zuiveringsproces in drie stappen uitgevoerd om zo 
tot een zuiver eiwitproduct te komen.   bij de schatting van de kosten werd gekeken naar de 
belangrijkste vereisten voor bereiding aan het bed van rhGAA in een ziekenhuisapotheek, 
die van grote invloed zijn op de uiteindelijke kosten. Op basis van de opbrengst aan rhGAA 
uit kleinschalige productie kan met een productiecapaciteit van 25 liter ca. 134 gram 
rhGAA per jaar worden geproduceerd tegen $ 3484 per gram aan kosten, 71% lager dan de 
behandelkosten met Myozyme. De geschatte opbrengst van rhGAA maakt de behandeling 
mogelijk van 14 kinderen (gemiddeld lichaamsgewicht 20 kg) of vier volwassenen 
(gemiddeld lichaamsgewicht 70 kg) die gedurende één jaar iedere twee weken 20 mg/kg als 
aanbevolen dosis krijgen. Deze studie laat zien dat kleinschalige productie van rhGAA via 
magistrale bereiding economisch haalbaar zou kunnen zijn en een aanzienlijke verlaging 
van de behandelkosten kan opleveren.

Het tweede doel van dit proefschrift  was het onderzoeken van de omzet van geselecteerde 
weesgeneesmiddelen, omdat de hoge prijzen van weesgeneesmiddelen vaak worden 
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gerechtvaardigd met de noodzaak omhoge ontwikkelkosten terug te verdienen uit inkomsten 
van een kleine groep patiënten. De bevindingen van deze studie kunnen een indicatie geven 
van de geschiktheid van het toepassen van een op kosten gebaseerde aanpak als aanvullend 
hulpmiddel voor het bepalen van reëleprijzen van weesgeneesmiddelen. in hoofdstuk 4 
werden 16 weesgeneesmiddelen (acht geneesmiddelen voor stofwisselingsziekten en acht 
kankergeneesmiddelen) geselecteerd. De totale ontwikkelkosten (voor en na toelating) en 
winsten (huidige en voorspelde gedurende 20 jaar) daarvan werden verzameld, beoordeeld 
en geanalyseerd. De directe uitgaven, waaronder de kosten van verkochte goederen, de 
uitgaven t.b.v. verkoop, de algemene kosten en de administratieve kosten, werden afgetrokken 
van de netto verkoopcijfers van de producten en de verschillen beschouwd als brutowinsten. 
De gemiddelde ontwikkelkosten voor alle geselecteerde geneesmiddelen werd geschat op $ 
779 miljoen, met voor de geneesmiddelen tegen stofwisselingsziekten en kanker kosten 
van resp. $ 550 en $ 2103 miljoen. Opvallend was dat alle geselecteerde geneesmiddelen 
na markttoelating een opmerkelijke stijging van ontwikkelkosten lieten zien als gevolg 
van verplichtingen na het op de markt brengen of verdere ontwikkeling. De gemiddelde 
kosten na goedkeuring waren voor de geneesmiddelen tegen stofwisselingsziekten, de 
kankergeneesmiddelen en alle geselecteerde geneesmiddelen resp. 48%, 65% en 61% van de 
totale kosten. Het aantal en de typen ontwikkelingsstadia waren de belangrijkste aandrijvers 
van de ontwikkelkosten. De gemiddelde brutowinst op alle geselecteerde geneesmiddelen 
werd geschat op $ 3508 miljoen, met voor de geneesmiddelen tegen stofwisselingsziekten 
en de kankergeneesmiddelen winsten van resp. $ 2901 en $ 8188 miljoen. Van 14 van de 
16 weesgeneesmiddelen werd vastgesteld dat de investeringen worden terugverdiend en 
dat ze aanzienlijke winsten genereren. De gemiddelde winst  was voor alle geselecteerde 
geneesmiddelen 376%, met voor de geneesmiddelen tegen stofwisselingsziekten en de 
oncologische geneesmiddelen winsten van resp. 476% en 264%. Het moeten terugverdienen 
van investeringen en genereren van winsten is dus geen geldige rechtvaardiging voor de 
hoge prijzen van de geselecteerde weesgeneesmiddelen, en deze bevindingen doorgetrokken 
worden naar andere weesgeneesmiddelen. De gegenereerde hoge winsten zijn misschien 
aangedreven door de hoge prijzen. Er is daarom behoefte aan nauwkeurige prijsstelling van 
weesgeneesmiddelen, om té hoge prijsstellingen die van invloed zijn op de toegang tot deze 
geneesmiddelen te vermijden.

Het derde doel van het in deze thesis gepresenteerde onderzoek was bij te dragen aan de 
geneesmiddelenontwikkeling voor de ziekte van Niemann-Pick type b (een zeer zeldzame 
ziekte), waarvoor geen behandeling bestaat. Olipudase alfa (recombinante humane zure 
sfingomyelinase, rhASM) is een geneesmiddel in onderzoek, waarvan is gebleken dat het bij 
hoge doses in vivo systemische toxiciteit veroorzaakt, waardoor de therapeutische breedte 
klein is. Er werd een toediensysteem ontwikkeld voor rhASM om de systemische toxiciteit 
te voorkomen of te minimaliseren.
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in hoofdstuk 5 werd de transiënte expressie van rhASM in Escherichia coli (E. coli) 
en CHO-cellen beschreven. bacteriële cellen staan  bekend om hun hoge eiwitexpressie in 
vergelijking met zoogdiercellen. E. coli is echter niet in staat geglycosyleerde eiwitten te 
produceren. Een nanodrager, die het enzym in de doelcellen aflevert, kan de noodzaak tot 
glycosylering wegnemen. 

Het expressieniveau van rhASM in E. coli was ongeveer 10 mg/l. De expressie van 
rhASM in CHO-cellen werd gedetecteerd met behulp van Western blot-analyse en een 
enzymatische activiteitstest, maar leek zeer laag te zijn. De expressie van rhASM was hoger 
in E. coli; de rhASM was echter niet enzymatisch actief, in tegenstelling tot het CHO-
product, hetgeen wees op de noodzaak van glycosylering voor enzymactiviteit. Vanwege de 
geringe opbrengsten in CHO-cellen werd een andere zoogdiercel (menselijke embryonale 
niercellen, HEK 293) gebruikt, vanwege de hoge transfecteerbaarheid en productiviteit in 
vergelijking met CHO-cellen.

in hoofdstuk 6 werd de productie van rhASM in HEK 293-cellen en de formulering 
van het gezuiverde enzym in liposomen omschreven. Er werden kwantificeerbare niveaus 
van actieve rhASM verkregen. De rhASM werd geproduceerd in batches van 3 liter en de 
Strep-tagged rhASM werd geïsoleerd uit het supernatant met behulp van een zuivering 
met eenstaps affiniteitschromatografie. De opbrengst aan gezuiverde rhASM was 4 mg/l 
(eiwitzuiverheid > 90%). 

Twee methoden voor het bereiden van liposomen werden getest optimale  
enzymbeladingsefficiëntie (ingekapseld en oppervlak-gebonden) en behoud van 
enzymactiviteit na formulering. Met de DRV-methode (dried, reconstituted vesicles) 
waren de beladingsefficiëntie en de enzymactiviteit resp. 62% en 100%, vergeleken met 
resp. 28% en 20% met de methode van lipidenfilmhydratatie. Daarom werd de DRV-
methode gebruikt voor het bereiden van vier liposomale formuleringen met verschillende 
lipidensamenstellingen en -verhoudingen. 

De optimale formulering werd geselecteerd op basis van de insluitingsefficiëntie van de 
rhASM en de in vitro cellulaire opname. Van vier formuleringen vertoonde de liposomale 
rhASM (PS-bMP genaamd), met een samenstelling van 59 mol% DPPC : 20 mol% DOPS : 
10 mol% bMP : 10 mol% CHOL, 1 mol% DiD, superioriteit betreffende beladingsefficiëntie 
van rhASM (50%), insluitingsefficiëntie van rhASM (21%) en in vitro cellulaire opname 
door normale fibroblasten, patiëntfibroblasten en RAW 264.7-macrofagen. 

De functionele afgifte van de PS-bMP liposomale rhASM werd bepaald door het niveau 
van correctie voor de geaccumuleerde lipiden (lysosfingomyeline) in patiëntfibroblasten 
te onderzoeken. Met de PS-bMP liposomale rhASM werd de geaccumuleerde 
lysosfingomyeline met 71% gereduceerd en met de vrije rhASM met 55%. De bescherming 
van de rhASM door insluiting in PS-bMP liposomen tegen ongewenste extracellulaire 
sfingomyelinedegradatie werd gemeten. De PS-bMP liposomale rhASM reduceerde de 



A
pp

en
di

ce
s

181

Nederlandse Samenvatting    |

extracellulaire degradatie van sfingomyeline met 61% vergeleken met vrije rhASM en 
minimaliseerde op die manier de extracellulaire degradatie wat kan leiden tot toxiciteit in 
de patiënt. De in vitro-gegevens geven aan dat PS-bMP liposomale rhASM effectief is en 
een veiligere interventie kan bieden dan vrije rhASM.
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List of abbreviations

Abbreviation* Explanation

ASM (or aSMase) Acid Sphingomyelinase
ASMD Acid Sphingomyelinase Deficiency
bMP bis(monoacylglycero)Phosphate
CAGR Compound Annual Growth Rate
cDNA Complementary DNA
CGPM Company’s Gross Profit Margin
CHO Chinese Hamster Ovary 
CHOL Cholesterol
CO2 Carbon Dioxide
CV Column Volume
DOPS 1,2-Dioleoyl-Sn-Glycero-3-Phospho-L-Serine
DPPC 1,2-Dipalmitoyl-Sn-Glycero-3-Phosphocholine
DPPG 1,2-Dipalmitoyl-Sn-Glycero-3-Phospho-(1’-Rac-Glycerol)
DRV Dried-Reconstituted Vesicles
E. coli Escherichia Coli 
EE Encapsulation Efficiency
EMA European Medicines Agency
ERT Enzyme Replacement Therapy
FDA U.S. Food and Drug Administration
GAA Acid Alpha-Glucosidase
iPTG isopropyl Β-D-1-Thiogalactopyranoside
kDa Kilodalton
LAC Lectin Affinity Chromatography
L-ASM Mature Form of Acid Sphingomyelinase
LC Loading Capacity
LE Loading Efficiency
MAH Marketing Authorization Holder
MOD Metabolic Orphan Drug
MWCO Molecular Weight Cut-Off
nm Nanometer
NPD Niemann-Pick Disease
NPD-b (or NPDb) Niemann-Pick Disease Type b
OOD Oncology Orphan Drug
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Abbreviation* Explanation

PGP Product’s Gross Profit
Qp Cell Specific Production
RCOi Recoup of investment
rhASM Recombinant Human Acid Sphingomyelinase
rhGAA Recombinant Human Acid Alpha-Glucosidase
rpm Rounds per Minute
SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
sfGFP Superfolder GFP
S-SMase Secretory or Precursor Form of Acid Sphingomyelinase
TFH Thin-Film Hydration
VC Viable Cell
WAEC Weak Anion Exchange Chromatography

* Most frequently used in this thesis.
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