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that this Commentary will stimulate vigorous 
debate and new thinking about this alternative 
way of making drugs.

Vision and reality
In recent years, the average clinical effect 
of new drugs has been steadily declining1, 
notwithstanding the introduction of several 
breakthrough medicines against hepatitis C, 
numerous [AU: seems to contradict “sev-
eral”; delete?]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 benefit-
ting from pharmaceutical treatment should be 

Making individualized drugs a reality
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Magistral drug preparation offers a model to circumvent many of the technological, regulatory and financial 
challenges that prevent provision of the right drug at the right time to the right patient.

Precision (or personalized) medicine prom-
ises 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 tai-
lored 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 devel-
opment model, today’s precision drugs still 
require the building of a robust intellectual 
property position, the negotiation of a com-
plex and stringent regulatory system, and the 
application of twentieth century manufactur-
ing 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 physi-
cian for individual patients under their care, it 
is only minimally regulated. This means magis-
tral drugs dispense with the need for protracted 
marketing authorization, dramatically reduc-
ing 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 

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 drugs3.

Precision medicine has been touted as a way 
to improve the efficacy and reduce the adverse 
effects of pharmaceuticals4. It is defined by 
the International Society for Pharmaco-
economics 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 medica-
tion and treatment-management approaches”5.

In his 2015 State of the Union address, US 
President Barack Obama unveiled the Precision 

In magistral development, a doctor–patient consultation could be the start of a process in which the 
right amount of drug is produced for the right patient at the right time.
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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.

How regulation constrains individualized 
medicine
The twentieth century regulatory system for 
drug manufacturing and marketing authoriza-
tion was introduced after the occurrence of a 
small number of major safety incidents ascribed 
to drug industry products12. [AU:OK?]These 
comprehensive and detailed regulations cover 
all aspects of drug development and manu-
facture, 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 preci-
sion 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 drug13. 
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 

Medicine Initiative, which has a goal of galvaniz-
ing 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 govern-
ment 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 dollars6.

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 
treatments7. Indeed, the development of new 

drugs based on what is known of the molecular 
mechanisms of disease has proceeded at a gla-
cial pace8–10. [AU:OK? (to avoid using ‘basis’ 
twice)]The slow progress in precision medi-
cine is attributable to several factors.

First, for a long time, there was little eco-
nomic impetus for industry to market drugs 
solely to responders when its existing pharma-
coeconomic models incentivized companies 
to sell as much drug to as many patients as 
possible, regardless of whether those receiv-
ing 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 pharmaco-
economics are changing as regulators and pay-
ers increasingly demand efficacy in return for 
approval and reimbursement, respectively). 
Wastage is also driven by regulatory require-
ments that require drug package volumes of 
expensive intravenous therapies to be larger 
than needed for the treatment of an individual 
patient11. Second, there is a lack of standard-
ization of the collection, storage and analysis 
of large amounts of genetic, serological, histo-
logical 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 bio-
markers to sort through. And fourth, when a 

Table 1  Drugs and indications suited for magistral production

Drug class Why suitable Possible obstacles
Timeline for 
implementation

Existing drugs

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

Replacement proteins for 
ultra-orphan diseases

Market too small for 
commercial develop-
ment

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 screen-
ing system available. 
Development time of 
product needs to be as 
short as possible

Lack of infrastructure and 
trained personnel. Needs effi-
cient transient expression sys-
tems. 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 mark-
ers. 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

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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targeted drugs to address a rapidly evolving 
malignancy in a cancer patient.[AU:OK?]

The submission and evaluation of a mar-
keting 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.[AU: OK? Meaning for 
each individual?] There are about 200 dif-
ferent cancers, and there are currently 250 
cancer drugs available14. About 1,200 drugs 
are currently estimated to be in the pipeline. 
Assuming a combination of just three of these 
drugs,[AU: 250 plus 1,200? Please clarify] 
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 authori-
ties and subsequent evaluation is beyond the 
means of both industry and regulating bodies.

Perhaps the greatest disadvantage of the cur-
rent outmoded regulatory approach is the forced 
lock-in of technology early during product 
development, which is contrary to the person-
alization of a product to an individual’s needs. 
Regulators expect the product and its use not to 
vary,[AU:OK?] especially during preclinical and 
clinical development. Any change in the prod-
uct and the way it is applied may lead regula-
tors to request repeat testing with the modified 
product, dosage and any other changed ele-
ments.[AU:OK?] 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.

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 reduced15. 
But this seems unlikely for several reasons.

In terms of healthcare economics as a whole, 
the main contributor to soaring costs is inno-
vation in a market that is driven by what is 
offered, rather than by medical need16. 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 efficacy17. 
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 defi-
ciency. 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 treat-
ment cycle14.

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 “per-
sonalized 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 dis-
cussing affordability and cost-effectiveness, 
several solutions are suggested with the 
common theme being better collaboration 
between the diagnostic and pharmaceutical 
companies, regulators, funding agencies, pay-
ers and patients18,19. However, it is difficult to 
imagine how such aspirational solutions will 
lead to cost control, considering the underlying 
causes of spiraling drug prices.

Bedside or magistral production as a 
complement
It is becoming evident that the current pharma-
ceutical system is too complicated, too expen-
sive and too inflexible to support medicine 
tailored to individual patients. Innovative and 

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 potency26,27. 
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 biologics28.

Immunogenicity is considered the main safety issue for biologics29. 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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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 monoclo-
nal antibodies (mAbs). Antibodies and other 
recombinant biologics are now commonplace, 
with numerous examples of approved drugs 
now complementing traditional small-mole-
cule 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 are being dismissed by 
larger drug companies increasingly focused on 
clinical development and marketing. Perhaps 
such individuals could now be coopted to sup-
port magistral drug development in academic 
medical centers.

Fifth, a relatively standard small-scale cul-
ture and purification unit should be sufficient to 

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 individual-
ized 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 restric-
tive, expensive and time-consuming market-
ing 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 exist-
ing 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 time-
lines 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 leg-
islation, there is an exemption for personal use 
that may be applicable for magistral production. 
Also, any individual treatment will be covered 
by doctor–patient confidentiality and will not be 
in the public domain, denying the patent holder 
the possibility to discover administration[AU: 
restate for clarity] and make a legal case. 
Moreover, if a doctor or pharmacist ran bedside 
production with the possibility of producing a 
lifesaving drug for an individual patient, their 

Box 2  Outstanding issues for magistral individualized medicine

We have been discussing our pilot project (Box 3) 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 error30. 
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 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 3) 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 
pharmacies31–33. One could imagine, for example, bedside 
development of Kalydeco (ivacaftor) against different genetic 
forms of cystic fibrosis.
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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 capac-
ity 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 produc-
tion 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 on line 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 produc-
tion levels of up to 8 g/L possible. Moreover, 

recent advances in transient gene expression 
now make it possible to produce grams of anti-
bodies 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 treatment20. 
Fast production is important for individualized 
medicine to keep the interval between diagno-
sis and treatment as short as possible.

Seventh, small-scale production can also 
facilitate downstream processing. Small vol-
umes of a drug enable the use of alternative 
methods for concentration and purification 
such as flocculation, precipitation and aque-
ous 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 purifica-
tion would in the future enable standardization 
of the purification of a wide range of biolog-
ics21.

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 compet-

ing manufacturers [AU:OK?] 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 hos-
pital pharmacy setting is technically feasible 
and an intriguing alternative to bulk-scale drug 
production. Indeed, there are already docu-
mented cases where such magistral production 
has been achieved (Fig. 1). All of the above 
technologies can ultimately be combined 
in a closed, easy-to-operate, tabletop-sized 
machine with integrated production and puri-
fication that could be used in standard clean-
room facilities of a hospital pharmacy (Box 1).

On the basis of current large-scale facili-
ties based on disposable units where produc-
tion costs are estimated at ~€20 ($22) per 
gram of protein, magistral drug manufac-
ture in a hospital pharmacy setting would be 
estimated at ~€2,000 ($2,200) per gram (if a 
continuously[AU:OK?] producing cell line 
were used). Overall, from design to produc-
tion in a transient system, we estimate a cost 
of between €5,000 ($5,400) and €10,000 

Box 3  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 (‘biosimilars’). 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 WHO-associated Utrecht Centre of Excellence for affordable 
biopharmaceuticals (UCAB) 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. 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.
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Vioxx incidents discussed above took many 
years and many victims to discover and cor-
rect. To take an example of a mass-produced 
biologic rather than the aforementioned small 
molecules, the mass-produced biopharmaceu-
tical Eprex (epoetin alfa) was associated with 
pure red cell aplasia (PRCA) after a formula-
tion 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 publica-
tion 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 produc-
tion 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 indus-
tries 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 degrada-
tion and deterioration and shelf-life issues, a 
source of side effects especially for biolog-
ics. 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 mal-
function.

In the magistral situation and unlike industrial 
pharmaceutical production, a limited 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 magis-
tral production of precision drugs.

Clinical aspects of magistral production
Classic clinical development of a biopharma-
ceutical 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 necessary26. 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 

($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. We set up local production of recom-
binant human a-glucosidase (rhGAA) from 
scratch, starting with the construction of high-
producer cell lines and developing the heter-
ologously produced protein up to formulation 
in a pharmaceutical form. Although the system 
was not optimized for efficiency, the cost of pro-
duction of rhGAA was $1.491/gram, taking in 
account all costs: cell-line generation, reagents, 
materials, labor, infrastructure and other.[AU: 
how does price compare to bulk production?]

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 prescrip-
tions concern products manufactured in bulk 
by the biopharma industry. The development, 
production and marketing of this industry’s 
products are heavily regulated. All these regu-
lations 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,[AU: ‘inci-
dent’ is too understated; if ‘tragedy’ seems 
overstated, reword as desired] 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 safety22. Thus, com-
mercial drug manufacture is subject to stringent 
and standardized regulatory oversight from fed-
eral authorities, such as the FDA, the European 
Medicines Agency and 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 for-
mula and the magistral formula23. 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 stor-
age and for delivery to patients with a prescrip-
tion 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 interna-
tional 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 FDA24. 
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 treat-
ment.

Safety issues for magistral drugs
The above incident has been cited as proof of 
the risks of compounding (Box 2). 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 unten-
able. 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, indus-
trial 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 compound-
ing 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 conse-
quences. In compounding, the risks are smaller 
than those of industrial production of phar-
maceuticals. 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 imme-
diately 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 
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this is that surrogate or intermediate endpoints 
are used, and outcomes on clinically mean-
ingful endpoints remain uncertain. However, 
these registries [AU: which registries?] have 
severe limitations, including a striking pau-
city of high-quality data, as well as a lack of 
independent analysis of outcomes27. 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 physi-
cians, pharmacists and patients would accel-
erate the evaluation of effectiveness and safety, 
and it might also enable fine-tuning of the 
biologic to the individual needs of the patient.

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.
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