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Nowadays, the application of enzymes as pharmaceuticals is a growing field. 
Enzymes as pharmaceuticals have two fascinating features that distinguish 
them from all other types of drugs. First, enzymes bind their substrate with 
high affinity and specificity. Second, enzymes can convert their substrate to 
the desired products. These two features make enzymes valuable therapeutic 
tools, as, unlike common medicinal products which can temporarily solve the 
particular health problems, they address the underlying cause of health prob-
lem and the patient can achieve permanent relief. All these attributes make 
the enzymes potent drugs offering a platform and promising subcategory of 
modern biopharmaceuticals for the treatment of several severe diseases. 
Research and drug development efforts and the advancements in biotechnol-
ogy over the past 20 years have greatly assisted the introduction of efficient 
and safe enzyme-based therapies for a range of both rare and common disor-
ders. The introduction and regulatory approval of 20 different recombinant 
enzymes has enabled effective enzyme replacement therapy.

This volume aims to overview selected therapeutic enzymes, focusing in 
particular on more recently approved enzymes produced by recombinant 
DNA technology. It is impossible for a single book volume to cover all of the 
different aspects of this research area in which scientists have made signifi-
cant progress. Thus, I have selected key examples covering a wide range of 
diverge scientific disciplines and state-of-the-art approaches, in order to pro-
vide the reader with a representative sample of the current status of the area. 
This volume highlights and provides an overview and recent progress on the 
three aspects of recombinant therapeutic enzymes and their clinical and phar-
maceutical technology: (i) overview of the production process and biochemi-
cal characterization of therapeutic enzymes, (ii) focuses upon the engineering 
strategies and delivery methods of therapeutic enzymes, and (iii) clinical 
applications of selected therapeutic enzymes, including aspects on their 
mechanisms of action and information on safety and immunogenicity issues 
and various adverse events of the enzymes used for therapy.

This book is aimed at academics, researchers, and students undertaking 
advanced undergraduate/postgraduate programs in the biopharmaceutical/
biotechnology area who wish to gain a comprehensive understanding of 
enzyme-based therapeutic molecules.

I sincerely hope that the readers will enjoy the information provided in this 
book and find its contents interesting and scientifically stimulating. I also 
hope that I have established a successful compilation of chapters within the 
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exciting area of therapeutic enzymes. I wish to extend my sincere gratitude to 
all contributing authors for their enthusiasm and for the time they spent pre-
paring the chapters for this book. Thanks also to those at Springer who have 
helped put this together so that it ultimately provides an invaluable resource 
to all those working in the field of therapeutic enzymes. I would especially 
like to thank my family for their understanding and patience during the edit-
ing and organization of the book chapters.

Athens, Greece Nikolaos Labrou 
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Production and Purification 
of Therapeutic Enzymes

M. Ângela Taipa, Pedro Fernandes, 
and Carla C. C. R. de Carvalho

Abstract
The use of therapeutic enzymes embraces 
currently a vast array of applications, abridg-
ing from diggestive disorders to cancer ther-
apy, cardiovascular and lysosomal storage 
diseases. Enzyme drugs bind and act on their 
 targets with great affinity and specificity, 
converting substrates to desired products in a 
reduced time frame with minimal side reac-
tions. These characteristics have resulted in 
the development of a multitude of enzyme 
biopharmaceuticals for a wide range of 
human disorders.

The advances in genetic engineering and 
DNA recombination techniques facilitated 
the production of therapeutical human-like 
enzymes, using different cells as host 
organisms. The selection of hosts generally 
privileges those that secrete the enzyme 

into the culture medium, as this eases the 
purification process, and those that are able 
to express complex glycoproteins, with gly-
cosylation patterns and other post-transla-
tional modifications close to human 
proteins. Moreover, engineering approaches 
such as pegylation, encapsulation in micro- 
and nanocarriers, and mutation of amino 
acid residues of the native enzyme molecule 
to yield variants with improved therapeutic 
activity, half-life and/or stability, have been 
also addressed. Engineered enzyme prod-
ucts have been designed to display enhanced 
delivery to target sites and reduced adverse 
side-effects (e.g., immunogenicity) upon 
continuous drug administration.

Irrespectively of the production method, 
the final formulation of therapeutic enzymes 
must display high purity and specificity, and 
they are often marketed as lyophilized pure 
preparations with biocompatible buffering 
salts and diluents to prepare the reconstituted 
aqueous solution before treatment.
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Abbreviations

Ach Acetylcholine
AGS n-acetylgalactosamine 4-sulfatase
BSE Bovine spongiform 

encephalomyelitis
CESD Cholesteryl ester storage disease
CHO Chinese hamster ovary
CocE Cocaine esterase
CPD Computational protein design
DE Directed evolution
DNase Deoxyribonuclease
EMEA European Medicines Agency
FDA Food and Drug Administration
hBche Human butyrylcholinesterase
IC50 Half-maximal inhibitory 

concentration
IMAC Ion metal affinity chromatography
kcat Turnover number
KM Michaelis–Menten constant
L-ASNase L-asparaginase
MPS Mucopolysaccharidosis
PEG Polyethylene glycol
PKU Phenylketonuria
PMP Plant-made pharmaceuticals
SCID Severe combined 

immunodeficiency
SDM Site-directed mutagenesis
Tm Half-inactivation temperature
tPA Tissue plasminogen activator
uPA Urokinase-type plasminogen 

activator

1.1  Introduction and Historic 
Perpective

Therapeutic enzymes typically designates a set of 
biocatalysts that are used for the treatment of dis-
eases and medical conditions. Several of these 
diseases are actually related to decreased activity 
or full enzyme deficiency. The overall concept of 
therapeutic enzymes centers around the highly 
specific nature and high catalytic activity of 
enzymes that allow the transformation of targeted 
substrate molecules with a minimal amount of 
catalyst in reduced time frame and with minimal, 

if any, side reactions that could have adverse 
effects (Dean et  al. 2017; Kaur and Sekhon 
2012).

The application of enzymes as therapeutic 
agents has its roots on their use as digestive aids 
(Kumar and Abdulhameed 2017). Yeasts have 
been traditionally used for this role, due to the 
hydrolytic activity of their amylases and prote-
ases (Sizer 1972). Taka-Diastase, an amylase 
preparation, was marketed as a digestive aid 
throughout the world by Parke-Davis & Company 
in the late nineteenth century (Patil 2012) and by 
the 1930s the National Enzyme Company was 
founded to produce and market enzymes, e.g. 
proteases, to replace those that were destroyed 
during cooking and food processing (Kaur and 
Sekhon 2012; Petersen 2015). The onset of the 
twentieth century brought along further potential 
use for therapeutic enzymes, since pancreatic 
enzyme extracts, and particularly trypsin, were 
suggested as useful agents in the prevention of 
cancer (Gonzalez and Isaacs 1999). This led to 
the emergence of commercially available trypsin-
based formulation for oral administration (Kumar 
and Abdulhameed 2017). This trend for enzyme 
therapy was relatively short-lived, yet it was 
revived in the 1960s/early 1970s, as it was sug-
gested, and shortly after established, that enzyme 
replacement therapy could be used for the treat-
ment of lysosomal storage diseases (Brady 2006; 
Li 2018). The approval in the USA of suitable 
legislation related to the treatment of rare dis-
eases in 1983, resulted in significant financial 
incentives that prompted interest and investiga-
tion in this specific field, and concomitantly 
boosted research and development efforts dedi-
cated to therapeutic enzymes (Li 2018).

Currently the use of therapeutic enzymes 
embraces a vast array of applications, abridging 
from diggestive disorders to cancer therapy, car-
diovascular or lysosomal storage diseases (e.g. 
Gaucher disease). It is acknowledged as a grow-
ing market that is foreseen to increase at a com-
pound annual growth rate (CAGR) of 9.4% 
during 2015–2020 (Allied Market Research 
2018) and is expected to top USD 5.5 billion by 
2020 (Market Research Engine 2018; Allied 
Market Research 2018). Enzymes approved for 

M. Â. Taipa et al.
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human therapy and their clinical indications, 
mechanisms of action and adverse effects have 
been extensively reviewed by different authors 
(Vellard 2003; Baldo 2015; Mane and Tale 2015; 
Kumar and Abdulhameed 2017; Yari et al. 2017; 
Kunamneni et al. 2018). Some of the most rele-
vant applications of therapeutic enzymes are 
summarized in Table 1.1.

1.2  Therapeutic Enzymes: 
Sources and Enzyme 
Engineering

Most therapeutic enzymes were traditionally 
sourced from human or animal tissue, with lim-
ited availability and with complex/time-demand-
ing requirements for extraction and isolation 
(Gurung et al. 2013; Shanley and Walsh 2005). 
Many of such enzymes were synthesized and 
secreted only in small quantities from human tis-
sues and therefore in unsufficient quantities to 
meet clinical demand. Others were obtained from 
sources that, for a variety of reasons, were 
regarded as innapropriate. Examples include uro-
kinase and ancrod, which were obtained from 
urine and snake venom, respectively. The intro-
duction of recombinant DNA technology in the 
1970s allowed heterologous protein expression 
and enabled the commercial production of a mul-
titude of enzymes that were not previously avail-
able in the market (Gurung et al. 2013). This was 
particularly relevant for the dissemination of 
therapeutic enzymes. Recombinant production 
allows to circunvect the risk of transmission of 
diseases via infected source material while also 
surpassing low natural availability therefore ben-
efiting both production levels and product safety. 
Most therapeutic enzymes currently marketed are 
thus recombinant (Yari et al. 2017; Baldo 2015). 
Microorganisms and plants are also valuable 
sources of therapeutic enzymes. Microbial 
enzymes are particularly appealing, as they are 
cheap to produce, can be used in lower dosages, 
have a wider pH range of activity than animal 
counterparts (Roxas 2008; Vellard 2003; Gurung 
et al. 2013; Kaur and Sekhon 2012). Nevertheless, 
they are likely to trigger the response of the 

immune system. A suitable source should pro-
vide an enzyme with high catalytic activity and 
high substrate affinity, thus screening efforts aim 
at finding enzymes with high turnover number 
and low Michaelis constant, so that the enzyme is 
extremely effective at low substrate and enzyme 
concentrations. Additionally, the enzyme source 
must be such that the presence of contaminants is 
avoided, to minimize the complexity of the pro-
duction and purification methods (Gurung et al. 
2013; Lutz et al. 2017; Dean et al. 2017).

Besides the risk of triggering immunere-
sponse, other major limitations often faced in the 
application of therapeutic enzymes are the low 
stability and lack of suitable delivery (Kumar and 
Abdulhameed 2017; Lutz et al. 2017). The risk of 
eliciting the response of the immune system can 
be overcome through covalent conjugation with 
polyethylene glycol (PEGylation) that has been 
shown to mask the immunogenicity of proteins, 
including therapeutic enzymes, and simultane-
ously increase enzyme stability (Fuhrmann and 
Leroux 2014; Mishra et  al. 2016; Waugh 2011; 
Farhadi et al. 2018). Yet, although PEG is usually 
considered as non-immunogenic and non- 
antigenic, PEGylated compounds have been 
reported to prompt anti-PEG antibodies in animal 
studies, thus protein PEGylation must be care-
fully evaluated prior to delivery in humans (Baldo 
2015). Other compounds, such as polysaccha-
rides or polyoxazolines, are therefore being 
looked after as alternative to PEG for protein 
conjugation (Qi and Chilkoti 2015). PEGylation 
may also interfere negatively with the protein 
structural dynamics, more so as the level of mod-
ification increases, ultimately decreasing the cat-
alytic activity of the enzyme (Rodríguez- Martínez 
et al. 2009). This shortcoming has been observed 
in commercial formulations of PEGylated aspar-
aginase, where PEG is covalently bound to the 
enzyme randomly. By introducing cysteine resi-
dues at specific locations by site-directed muta-
genesis, intramolecular thiol-maleimide PEG 
crosslinking of asparaginase subunits was per-
formed with a minimal degree of modification, 
thus retaining catalytic activity, and simultane-
ously modulating immunogenicity and prote-
olysis. The resulting PEGylated asparaginase 

1 Production and Purification of Therapeutic Enzymes
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Table 1.1 An overview of current uses of therapeutic enzymes (Mane and Tale 2015; Kaur and Sekhon 2012; Yari et al. 
2017; Dean et al. 2017; Abderrezak 2018; Baldo 2015)

Therapeutic enzymes
Enzyme replacement therapy

Digestive enzymes: amylases, lactase (β-galactosidase), lipases, maltase (α-glucosidase), peptidases, proteases 
(chymotrypsin, pepsin trypsin) sucrase, (sacrosidase, invertase). Mixtures of amylase, lipase and protease (Creon, 
Pancreaze, Pertzye, Ultresa, Viokace and Zenpep): pancreatic insuficiency
N-acetylgalactosamine 4-sulfatase (galsulfase or Naglazyme, recombinant AGS): Maroteaux-Lamy syndrome or 
MPS VI
Deoxyribonuclease I, DNase (Dornase alfa or Pulmozyme; PEGylated derivative of DNase): cystic fibrosis
N-galactosamine-6-sulfate sulfatase (elosulfase alfa or Vimizim, recombinant): Morquio syndrome type A or MPS 
IV A

α-galactosidase (agalsidase beta or Fabrazyme, recombinant): Fabry disease

β-glucocerebrosidases, (taliglucerase alfa, velaglucerase alfa, imiglucerase, recombinants): Gaucher disease

α-glucosidase (alglucosidase alpha or Myozyme or Lumyzime, recombinant): Pompe disease

β-glucuronidase (Vestronidase alfa, recombinant): Sly syndrome or MPS VII
Iduronate 2-sulfatase (idursulfase or Elaprase, recombinant): Hunter syndrome or MPS II

α-L-iduronidase (laronidase or Aldurazyme, recombinant): Hurler syndrome or MPS I
Lysosomal acid lipase (sebelipase alfa or Kanuma, recombinant): Wolman Disease and CESD
Phenylalanine ammonia lyase, PAL (PEGvaliase or Palynziq, PEGylated derivative of PAL, recombinant): PKU
Tripeptidyl peptidase-1 (cerliponase alfa or Brineura): Batten disease
Cancer therapy
L-asparaginase (commercial formulations: from Escherichia coli with brand names Elspar, Kidrolase, Leunase and 
Spectrila; from Erwinia chrysanthemi with brand names Erwinase and Erwinaze; PEGasparaginase/Pegaspargase, a 
PEGylated derivative from E. coli, Oncaspar): acute lymphoblastic leukemia, acute myeloid leukemia, and 
non-Hodgkin’s lymphoma
L-arginase, L-glutaminase, L-serine dehydratase, L-threonine deaminase, L-tryptophanase, L-tyroninase: 
antineoplastic
Arginine deiminase, PEGylated/PEG-ADI (Pegargiminase or Hepacid; Melanocid): hepatocellular carcinoma and 
melanoma
Carboxipeptidase G2 (glucarpidase or Voraxaze): cancer prodrug therapy. Reduces methotrexate toxicity by 
metabolization into inactive metabolites glutamate and 2,4-diamino-n-10-methylpteroic acid
Urate oxidase or uricase (Uricozyme or Fasturtec and Rasburicase or Elitek, a recombinant urate oxidase; Uricase 
peg20, a PEGylated form of the recombinant enzyme): Tackling hyperuricemia, a common side-effect of cancer 
chemotherapy, by degrading uric acid through oxidation. Uricase is also used in the treatment of gout
Topical enzymes
Collagenase, metalloproteinases that hydrolyze different types of collagen (Santyl, Xiaflex, Xiapex, collagenase 
from Clostridium histolyticum): treatment of skin ulcers, burns and wounds
Deoxyribonuclease and fibrinolysin, a bovine plasmin (both enzymes are combined in commercial formulation 
Elase): debridement of necrotic tissue
Ocriplasmin, also known as microplasmin, a truncated form of human plasmin: treatment of vitreomacular traction 
and decreasing macular edema
Hyaluronidase, traditionally known as spreading agent, degrades hyaluronic acid: aesthetic medicine (prevents 
complications from inappropriate injection of hyaluronic acid; promotes the diffusion of compounds injected 
subcutaneously)
Thrombolytics/fibrinolytics
Alteplase (Activase, Actilyse), streptokinase (Streptase), Urokinase (Kinlytic): lysis of blood clots, emergency 
treatment in the case of ischemic stroke, myocardial infarction, or a massive pulmonary embolism
Nattokinase: blood-clot dissolving role, prevention of cardiovascular disease
Miscellaneous
Butyrylcholinesterase and cocaine esterase: treatment of drug addiction; chondroitinases and hyaluronidase: 
regeneration of damaged nerve tissue; lisozyme: antibacterial; lactamase: penicillin allergy

CESD Cholesteryl Ester Storage Disease, MPS mucopolysaccharidosis, SCID severe combined immunodeficiency, 
PKU phenylketonuria

M. Â. Taipa et al.
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displayed a specific activity 1.3-fold higher than 
that of the native asparaginase, whereas the spe-
cific activity of the commercial PEGylated for-
mulation was 0.7-fold higher than that of the 
native enzyme (Ramirez-Paz et al. 2018).

The large molecular size of therapeutic 
enzymes, namely those from microbial sources, 
has been also highlighted as a limiting factor for 
their wider dissemination, since it hampers proper 
distribution within the envisaged cells (Gurung 
et al. 2013; Kumar and Abdulhameed 2017; Kaur 
and Sekhon 2012). To enhance the delivery of 
therapeutic enzymes to the intended targets sev-
eral strategies have been implemented, namely: 
glycosylation, e.g. with mannose-6-phosphate; 
production of recombinant enzymes as multi-
functional fusion proteins that contain an affinity 
peptide in addition to the enzyme, to convey 
affinity or chimeras comprising the enzymatic 
module and an affinity peptide that enhances the 
attachment to the cell surface; covalent binding to 
monoclonal antibodies and more recently to 
nanocarriers (Kumar and Abdulhameed 2017; Oh 
2015; Sharma and Bagshawe 2017; Andrady 
et  al. 2011; Farhadi et  al. 2018; Muro 2010). 
Other drawbacks often associated with therapeu-
tic enzymes are the poor stability and low half-
life, as they are sensitive to environmental 
conditions, e.g. temperature and pH leading to 
unfolding, and to the action of nucleases and pro-
teases (Kumar and Abdulhameed 2017; Dean 
et  al. 2017). Encapsulation in micro- and nano-
carriers, such as liposomes, emulsion particles, 
hydrogels, inorganic (magnetic) nanoparticles, 
membrane vesicles, niosomes, viral capsids and 
red blood cells (Funaro et  al. 2016; Dean et  al. 
2017; Farhadi et  al. 2018; Abdel-Mageed et  al. 
2018), as well as PEGylation (Dozier and 
Distefano 2015) have been used to tackle the low 
stability of therapeutic enzymes (Dean et  al. 
2017). Alongside with these methodologies, the 
mutation of amino acid residues of the enzyme 
molecule to yield variants with improved thera-
peutic activity and/or stability has also been grad-
ually introduced (Lutz et  al. 2017; Tobin et  al. 
2014). These modifications can be introduced 
through different approaches, namely:

 – Site-directed mutagenesis (SDM) that involves 
the deliberate and precise mutation of the 
amino acid sequence of the enzyme. It can 
include either single or combinatorial muta-
tions and it is the classical approach for muta-
genesis. It relies on previous studies addressing 
relationships between structure and function, 
which establish the role of a given amino acid 
in a specific position, and on biochemical 
principles to generate enzymes with improved/
novel features as compared to the native 
enzyme (Tobin et al. 2014; Yang et al. 2017);

 – Directed evolution (DE), where random muta-
genesis or gene recombination is used to intro-
duce/improve a specific enzyme feature, such 
as stability or activity. The mutants displaying 
the targeted feature are afterwards identified 
through screening. The random nature of this 
approach circumvents the need for detailed 
knowledge of structure-function mechanisms, 
but it requires a high throughput environment 
to ensure high odds of success in reasonable 
time frame and costs (Tobin et al. 2014; Xiao 
et al. 2015);

 – Computational protein design (CPD), a 
molecular simulation approach that basically 
taps a wide array of potential amino acid 
sequences to select the most suitable (the one 
with the lowest energy) for a specific protein 
structure. The predicted structure is generated 
and evaluated for the desired feature, such as 
enzymatic activity or stability. The successful 
implementation of CPD strongly relies on 
understanding structure-function relationships 
and on the availability of suitable software 
(Sharabi et  al. 2013; Samish 2017; Löffler 
et  al. 2017). The outcome of mutants gener-
ated by computational design is typically vali-
dated by wet lab experiments that rely on site 
directed mutagenesis (Wijma and Janssen 
2013).

Some recent examples of the application of 
these approaches to improve the performance of 
therapeutic enzymes are given in Table 1.2. The 
different approaches, involving either generation 
of mutants or functionalization/encapsulation of 

1 Production and Purification of Therapeutic Enzymes



Table 1.2 Examples of different engineering approaches for the generation of mutant therapeutic enzymes with 
improved properties

Methodology Description References
SDM Operational stability enhancement of Anabeana variabilis phenylalanine ammonia 

lyase through Gln292 replacement with Cys. The concomitant introduction of a new 
disulfide bond improved the resistance against chemical unfolding, resulting in a 
1.5-fold increase in the half-life, with no effect on the pH-activity profile. A minor 
negative impact in the kinetic parameters, kcat and KM, was reported when the mutant 
was compared with the native enzyme, still the former displayed a 1.5-fold increase 
in specific activity when compared to the later

Jaliani et al. 
(2013)

Thermal stability enhancement of Escherichia sp. asparaginase II through Lys139 
and Lys207 replacement with Ala. While improving thermal tolerance, these 
substitutions had no impact on the pH-activity profile as compared to the native 
enzyme. Still, the specific activity of mutants was slightly lower than that of the 
native form

Vidya et al. 
(2014)

Thermal stability and activity enhancement of chondroitinase ABC I, which can be 
used to facilitate axon regrowh after spinal cord injury, through replacement of 
Glu140 with either Gly or Ala. The improved features of the mutants were assigned 
to their more compact structure and to increased kcat together with reduced KM 
values, when compared to the native enzyme

Nazari-
Robati et al. 
(2013)

Another successful attempt to improve the thermal stability and activity of 
chondroitinase ABC I, Asn806 and Gln810 replacement by Tyr, was shown to 
provide the best approach. Thus, kcat/KM and half-life of the mutant increased 1.25 
and 1.4-fold when compared to the native enzyme. Again, the outcome of the 
mutation was ascribed to a more rigid structure, as an aromatic residue was 
introduced on the surface of the enzyme

Shahaboddin 
et al. (2017)

Reduction of the glutaminase side activity of Escherichia coli asparaginase II towards its 
use as a drug for the treatment of acute lymphoblastic leukemia. The authors established 
that replacements of Asp248 had a major impact on glutamine turnover as compared to 
asparagine hydrolysis. The asparaginase activity of a selected mutant enzyme, where 
Asp248 was replaced with Asn, was favourable as compared to the native with, however, 
a decrease in stability. The authors suggested thus the need of further studies to evaluate 
the impact of the lower stability of the mutant in its half-life in vivo

Derst et al. 
(2000)

DE Several rounds of mutation led to two mutants of urate oxidase, which degrades uric 
acid and can thus be used to treat tumor lysis syndrome. The catalytic efficiency of 
the mutants was 3.0 to 3.5-fold higher than that of the native enzyme. As compared 
to the later, the optimal reaction temperature of the mutants decreased from 40 to 
35 °C, but the thermal stability increased, and the optimal reaction pH decreased 
from 10 to 9. Mutants obtained by SDM allowed to gain some insight on the 
modifications made but did not match the performance of the selected DE mutants

Li et al. 
(2017)

Improvement of the pH activity profile of arginine deiminase from Pseudomonas 
plecoglossicida, which hydrolyses arginine to citrulline and ammonium, thus with 
application in the treatment of arginine- auxotrophic tumors. The optimal reaction pH 
of the triple mutant selected was shifted from 6.5 to 7.0 as compared to the native 
enzyme. Moreover, at pH 7.4, typical of human plasma, the kcat of the mutant 
exceeded by four-fold that of the native enzyme, and it retained about 50% of its 
activity relative to its pH optimum, compared to about 10% for the wild type

Zhu  et al. 
(2010)

The outcome of three rounds of random mutation over arginine deiminase from P. 
plecoglossicida resulted in a mutant with a KM of 0.17 mM, closer to the 
concentration of arginine in human plasma (~0.11 mM), than the KM of the native 
enzyme (1.23 mM). The turnover of the mutant was of 26.4 s−1, which compares 
favorably with that of the native enzyme (0.20 s−1). Moreover, the IC50 of the 
mutant against two melanoma cell lines decreased from 4.5 and 8.2 μg/mL for the 
native to just 0.02 μg/mL for the mutant enzyme

Cheng et al. 
(2015a)

Random mutation led to a mutant of l-asparaginase from Erwinia chrysanthemi with 
improved thermal stability, as highlighted by its Tm of 55.8 °C and its half-life of 
159.7 h at 50 °C, 9.4 °C and 59-fold higher, respectively, than that of the native 
enzyme. The mutation, which stabilized the tertiary structure of the enzyme, resulted 
of Asp133 replacement with Val. Albeit far from the active site, the mutation had a 
negative impact on the catalytic efficiency

Kotzia and 
Labrou 
(2009)

(continued)
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enzymes, can be merged to a faster and more effi-
cient development of even more effective thera-
peutic enzymes (Tobin et al. 2014; Zhang et al. 
2015; Fang et al. 2014).

1.3  Bioprocesses 
for the Production 
of Therapeutic Enzymes

The advances in genetic engineering and DNA 
recombination techniques facilitated the produc-
tion of enzymes for different applications, with 
particular relevance to those for clinical use 
(Headon and Walsh 1994). Bioprocessing is an 
essential part of biotechnology industry, which is 
used for the production of biopharmaceuticals. 
Approximately 50% of all new medicines are 
classified as biopharmaceuticals. These drugs 
include various types of molecules such as pep-

tide hormones, growth factors, cytokines, mono-
clonal antibodies and enzymes for human therapy 
(Aggarwal 2007). The demand in therapeutic 
enzymes is expected to increase over the coming 
years and thus bioprocesses for their production 
must meet the requirements of the global market 
(Singh et al. 2016; Tripathi 2016).

The commercial production of therapeutic 
enzymes has been achieved using different hosts, 
such as: mammalian cells, namely Chinese 
Hamster Ovary (CHO) cells, bacteria (e.g. 
Bacillus spp., E. coli, E. chrysanthemi), yeasts 
(e.g. Pichia pastoris, S. cerevisiae) and molds 
(e.g. Aspergillus sojae) (Shanley and Walsh 
2005; Yari et al. 2017; Vidya et al. 2017). At lab-
scale many other organisms of the different king-
dom have been used, in either submerged or solid 
state fermentations (Mane and Tale 2015; Sharifi-
Sirchi and Jalali-Javaran 2016). For example, a 
wide range of microorganisms such as bacteria, 

Methodology Description References
CPD Mutants of human butyrylcholinesterase (hBche) against (−)-cocaine were designed. 

The aim was to significantly alter the affinity of native hBche that is about 1000-fold 
higher for the (+)-cocaine inactive enantiomer than to the biologically active 
(−)-cocaine, thus featuring a sound tool for anti-cocaine therapeutics. The design 
considered both structure of the enzyme and the catalytic mechanisms for hBche 
hydrolysis of both enantiomers. A quadruple mutant displayed a catalytic efficiency 
towards (−)-cocaine of 4.2 × 108 M/min, as compared to 9.1 × 105 M/min for the 
native enzyme

Zheng and 
Zhan (2008) 
and Pan et al. 
(2005)

CPD and 
SDM

Design of hBche mutants to adequately model the selectivity, to combine enhanced 
catalytic efficiency on (−)-cocaine with enhanced selectivity for the latter, rather 
than for the neurotransmitter acetylcholine (Ach), the natural substrate of hBche in 
the body. One quintuple mutant with relative catalytic efficiencies 1730-fold and 
0.93-fold for (−)-cocaine and Ach, respectively, proved the most effective for 
protection of mice against cocaine toxicity. The study also highlighted the relevance 
of catalytic efficiency over kcat as selective parameter for efficient mutants

Xue et al. 
(2011)

CPD and 
SDM

Generation of a quadruple mutant bacterial cocaine esterase (CocE), an enzyme 
acknowledged as the most efficient for hydrolyzing (−)-cocaine, with a roughly 
3-fold higher catalytic efficiency as compared to the native enzyme. Moreover, the 
mutant had an in-vitro half-life at 37 °C of at least 100 days, largely exceeding that 
of 12 min for the native enzyme. When PEGylated, the mutant protected mice from 
a lethal dose of cocaine for about 3 days

Fang et al. 
(2014)

DE and 
SDM

A combination of two rounds of random mutation and SDM, where Val291 was 
replaced by Leu, yielded a mutant of arginine deiminase from P. plecoglossicida 
with a KM of 0.35 mM, and a kcat of 21.1 s−1. The outcome corresponds to a 117-fold 
increase in turnover and 3.7-fold decrease in KM. When compared to the native 
enzyme. The performance of the mutant was further highlighted as the IC50 for two 
melanoma cell lines decreased 100- to 200-fold

Cheng et al. 
(2015b)

IC50: half-maximal inhibitory concentration; kcat: turnover number; KM: Michaelis–Menten constant; Tm: half-inactiva-
tion temperature; catalytic efficiency: kcat/KM

Table 1.2 (continued)

1 Production and Purification of Therapeutic Enzymes
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fungi, yeast, algae and plants have proven to be 
proficient sources of L-asparaginase as reviewed 
by Verma et al. 2007. L-asparaginase (L-ASNase, 
also called L-asparagine amido- hydrolase with 
Enzyme Commission number 3.5.1.1) catalyses 
the conversion of L-asparagine in its free amino 
acid form to L-aspartate and ammonia. 
L-asparagine is an essential amino acid for the 
growth of lymphatic tumor cells, which require 
large ammounts of asparagine to keep their 
malignant growth. As opposed to normal cells, 
acute lymphoblatic leukemia cells are auxotro-
phic for asparagine (Dean et  al. 2017; Verma 
et  al. 2007). L-asparagine reduces asparagine 
blood concentration causing a selective inhibi-
tion of growth of sensitive malignant cells (Yari 
et  al. 2017). For over 30  years, L-ASNase has 
been a mainstay of multidrug chemotherapeutic 
regimens extensively used for the treatment of 
malignancies of the lymphoid system, acute lym-
phoblastic leukemia, Hodgkin’s lymphoma and 
melanosarcoma (Tundisi et  al. 2017). A wide 
number of reports have also addressed the pro-
duction and purification of recombinant 
L-asparaginase, using different gene sources and 
hosts (Verma et  al. 2007). Commercial 
L-asparaginase (aproved by international regula-
tory entities as a biological therapeutic) is derived 
from E. coli and E. chrysanthemi cells (Table 1.1).

E. coli has been proven as an efficient expres-
sion host for the production of non-glycosylated 
proteins as it offers various advantages over yeast 
and other expression systems due to its well-
understood genetics, cell biology, easy handling, 
and simple upstream process, which allows pro-
duction of cost-effective large quantity of recom-
binant proteins (Tripathi 2016; Gupta and Shukla 
2017). Major limitations of this expression bacte-
rial system are incorrect folding/activity of 
expressed protein due to lack of post-translation 
modification machinery and the presence of 
endotoxins, which bears an inherent safety con-
cern as patients medicated with E. coli- produced 
recombinant proteins may show an immune 
response to the administered drugs. Therefore, 
improved removal of these contaminants is a key 
issue through the purification process. Other dis-
advantages include loss of plasmid and antibiotic 

selection property, protein-mediated metabolic 
burden and stress, and poor secretion production 
medium (Tripathi 2016; Huang et al. 2012; Gupta 
and Shukla 2017).

Yeast systems are used when extracellular 
expression of recombinant proteins in large 
amounts is needed and when the product contains 
post-translational modifications (Tripathi 2016). 
The most used yeast expression systems are S. 
cerevisiae and P. pastoris. Both these hosts are 
capable of producing therapeutic proteins with 
proper folding and post-translational modifica-
tions close to human proteins. Advantages of 
yeast as host expression systems also include 
rapid growth in inexpensive culture media, high 
cell density cultivation and ease of genome modi-
fication (Tripathi 2016; Gupta and Shukla 2017). 
However, for the production of therapeutic gly-
coproteins intended for use in humans, yeasts 
have been less useful owing to their inability to 
modify proteins with human glycosylation pat-
terns. Yeast N-glycosylation is of the high-man-
nose type, which confers a short half-life in vivo 
and thereby compromises the efficacy of most 
therapeutic glycoproteins (Wildt and Gerngross 
2005). Nevertheless, P. pastoris cell lines have 
been utilized and optimized for the production of 
therapeutical enzymes such as orciplasmin or 
microplasmin, the first approved agent for vitre-
olysis therapy (Yari et al. 2017). This enzyme is a 
truncated form of plasmin that is expressed as an 
inactive zymogen in P. pastoris and then is acti-
vated by recombinant staphylokinase prior to for-
mulation as a stable product (Noppen et al. 2014).

Yeast cells are also used as host system in the 
production of recombinant urate oxidase, an 
enzyme that controls efficiently hyperuricemia, a 
cause of gout disease (Richette and Bardin 2006) 
and a common side- effect of cancer chemother-
apy (Yari et al. 2017). Urate oxidase converts uric 
acid into the soluble compound allantoin. The 
FDA-approved biotherapeutic (Rasburicase) is 
produced by genetically modified S. cerevisiae 
with cDNA originated from a strain of Aspergillus 
flavus (Leplatois et al. 1992; Yari et al. 2017).

Despite extensive research has been devel-
oped over the last decades, aiming at enginnering 
E. coli and yeast cell lines to overcome the 

M. Â. Taipa et al.
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 limitations in recombinant protein production 
(Huang et  al. 2012; Wildt and Gerngross 2005; 
Laurent et al. 2016; Laukens et al. 2015), mam-
malian cells are currently the most used for the 
production of recombinant therapeutic proteins. 
This is due to the fact that animal cells allow the 
expression of complex glycoproteins, with glyco-
sylation patterns and other post-translational 
modifications close to human proteins (Gupta 
and Shukla 2017; Wells and Robinson 2017) 
although the enzymes might require modifica-
tions of the glycan structure to present therapeu-
tic efficacy (Grabowski et al. 1995; Lalonde and 
Durocher 2017). The disadvantages of mamma-
lian cell culture (compared, for example, with 
yeast-based expression systems) are that mam-
malian cells require more nutritious medium, 
stringent growth conditions and longer growth 
periods than yeast cells (Huang et  al. 2010). 
Nevertheless, nowadays a great variety of com-
mercially available serum-free and defined media 
allow the efficient growth of mammalian cell 
lines while minimizing variability between 
batches, simplifying downstream processing by 
decreasing the number of contaminants, and 
helping to comply with regulatory requirements 
(Agrawal and Bal 2012).

Within mammalian expression platforms, 
Chinese Hamster Ovary (CHO) cells are the most 
commonly used expression host system (Walsh 
2014; Wells and Robinson 2017). CHO cells 
have been demonstrated as safe hosts for synthe-
sis of biologics and a have a proven track record 
for producing proteins with glycoforms that are 
both compatible and bioactive in humans (Jayapal 
et al. 2007). One of the early concerns in recom-
binant protein production was that cultured mam-
malian cells were presumably derived from 
perturbation in oncogenes, and thus, can prolifer-
ate without the effects of senescence. However, 
CHO cells, as other mammalian cell lines, have 
proven safe, with the value of products generated 
considerably outweighing any associated risks 
(Jayapal et al. 2007).

The first FDA approved recombinant enzyme 
drug in 1987, Activase (alteplase, recombinant 
human tissue plasminogen activator, tPA) is pro-
duced in CHO cells (Jayapal et al. 2007). Likewise, 

Pulmozyme (deoxyribonuclease 1), Cerezyme 
(β-glucocerebrosidase), Benefix (Factor IX), 
ReFacto and Advate (Factor VIII), Tenecteplase 
(engineered tPA), Fabrazyme (α-galactosidase), 
Naglazyme (N-acetylgalactosamine-4-sulfatase, 
Aldurazyme (laronidase) and Myozyme 
(α-glucosidase) are examples of recombinant 
therapeutic enzymes produced in CHO cell lines 
(Jayapal et  al. 2007). Other expression systems 
used for the production of recombinant therapeu-
tic proteins include insect derived cell lines Sf9 
and Sf21 from Spodoptera frugiperda, plants, 
transgenic animals and fungi (Gupta and Shukla 
2017). In terms of biopharmaceuticals approved 
from 2004 to 2013, it has been reported that 56% 
were produced in mammalian cells, 24% in E. 
coli, 13% in S. cerevisiae and the remaining in 
other expression systems (Tripathi 2016).

The production of therapeutic proteins by 
transgenic animals has potential advantages such 
as the high production capacity associated with 
the use of larger animals such as sheep or goats, 
ease of collection of source material (by milking 
the animal) and the fact that producer animal 
numbers can be expanded by breeding pro-
grammes. The expression of both human tissue 
plasminogen activator (tPA) and urokinase-type 
plasminogen activator (uPA) has been studied in 
transgenic mice using a DNA construct consist-
ing of the promoter and upstream regulatory 
sequence of the mouse whey acidic protein (the 
most abundant protein in mouse milk) fused to 
the nucleotide sequence coding for the human 
tPA and uPA. Active tPA and uPA could be recov-
ered from mouse milk but expression levels 
obtained were low (Headon and Walsh 1994; 
Brandazza et al. 1991).

Taliglucerase-α, a carrot-cell expressed human 
β-glucocerebrosidase enzyme for intravenous 
treatment of Gaucher disease, was the first plant-
cell expressed biotherapeutic approved for use in 
humans (Yari et  al. 2017; Zimran et  al. 2011). 
The recombinant protein is targeted to plant stor-
age vacuoles, which generate N-glycans with 
exposed terminal mannose residues without an 
additional processing step (Oh 2015). The plant 
cell-based platform was easy to scale-up and pro-
vides long-term safety with regard to exposure to 
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mammalian viral infections as well as cost effi-
cacy compared to mammalian cell bioreactors 
(Zimran et al. 2011). Recently, expression of tPA 
in transgenic (Goojani et al. 2013) and transplas-
tomic plants (Hidalgo et al. 2017; Abdoli-Nasab 
et al. 2016) was also evaluated.

The majority of enzymes approved for human 
therapy are recombinant proteins cloned in CHO 
cells. Mammalian cell culture generates complex 
broths with a variety of impurities. Typical impu-
rities found in culture broths include host cells 
and cell debris, host cell protein and DNA released 
by the cells, aggregated proteins or cleaved pro-
teins produced by the cells and medium additives 
(such as serum and protein used to support cell 
growth). Moreover, viruses (infecting cells) and 
bacterial pathogens or related contaminants such 
as endotoxins can also lead to serious problems 
with regard to the safety of the protein prepara-
tion. These impurities must therefore be removed 
to a final concentration below limits established 
by regulatory entities. Acceptable concentrations 
of impurities in a final protein/enzyme biophar-
maceutical are host cell protein and serum <0.1–
10  mg/L, DNA ≤10  ng/dose, virus pathogens 
<10−6/dose, endotoxins ≤0.25 EU/mL and no cell 
debris (Zhu et al. 2017).

1.3.1  Development of Purification 
Strategies

Selection of the host organism for recombinant 
enzyme production commonly favours those that 
secrete the therapeutic enzyme into the culture 
medium, as this eases downstream processing 
(Shanley and Walsh 2005). If the enzyme of 
interest is produced intracellularly, it is neces-
sary to disrupt the cells upon completion of fer-
mentation and cell harvesting. This releases not 
only the target enzyme, but also the entire intra-
cellular content of the cell, thereby rendering 
more complicated the subsequent purification 
procedure.

Purification is commonly considered the bottle-
neck in the manufacturing processes of biophar-
maceuticals such as therapeutic enzymes. Besides 

the cell debris, host cell proteins, DNA, endotox-
ins, and viruses that need to be removed, product-
related impurities such as protein moieties that are 
misfolded, aggregated, carry the wrong post-trans-
lational modifications, or are otherwise chemically 
degraded may complicate the purification, due to 
their similarity to the target molecule. As a rule, a 
significant percentage (50–80%) of the total man-
ufacturing costs of biopharmaceutical molecules is 
incurred during downstream processing and criti-
cal challenges include improving process econom-
ics and efficiency, to reduce costs, and fulfilling 
increasingly demanding quality criteria for Food 
and Drug Administration (FDA) and European 
Medicines Agency (EMA) approval (Roque et al. 
2004, 2007).

The level of downstream processing required 
for an enzyme in a bioprocess is dependent upon 
its intended application. While enzymes for 
industrial applicaton are used as relatively crude 
preparations those destined for clinical use are 
subjected to a far higher degree of downstream 
processing. Other than the very high purity 
required, there is no fundamental technical dif-
ference between the purification of enzymes or 
proteins for therapeutic use and the purification 
of proteins for other applications. However, all 
manufacturers of  therapeutic products must com-
ply with the principles and guidelines of cGMP 
(current Good Manufacturing Practices) in terms 
of facilities, equipment, personnel, quality sys-
tems, documentation/records and laboratory test-
ing. Topics such as virus inactivation, endotoxin 
removal, process validation, use of materials 
derived from animal components are key consid-
erations in the development of a purification pro-
cess for a therapeutic protein (Hanke and Ottens 
2014; Bonnerjea 2004).

Achieving the high levels of product purity 
required for use as an active pharmaceutical ingre-
dient requires a complex cascade of unit operations 
(Hanke and Ottens 2014) that include primary 
recovery (cell separation), purification steps, virus 
removal and polishing. Many therapeutic enzymes 
are recombinant products produced in animal cell 
lines, particularly CHO cells. In this case, enzymes 
are secreted directly by the producing cells into the 
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culture medium. Extracellular production displays 
process advantages, by obviating the necessity of 
lysing (disrupting) cells in order to bring about the 
release of the protein (enzyme) of interest, thereby 
simplifying downstream processing. Whole cells 

can be removed by filtration or centrifugation of 
the extracellular medium. Therapeutic enzymes are 
invariably purified to homogeneity before final for-
mulation, a process requiring multiple high-resolu-
tion chromatographic steps (Fig. 1.1).

Table 1.3 Name, properties and production organism of some FDA approved human-like therapeutic enzymes. 
Adapted from Wells and Robinson (2017), Dean et al. (2017), Jayapal et al. (2007), and Baldo (2015)

Generic and trade name Enzyme properties Production organism
Agalsidase β (Fabrazyme) Recombinant α-D-galactosidase A; 

glycosylated, 2 subunits MW 100 kDa 398 
amino acids

CHO cells

Alglucosidase α (Myozyme) Recombinant human glycogen-specific acid 
α-glucosidase (GAA). Glycoprotein, MW 
109 kDa, 883 amino acids

CHO cells

Alteplase (Activase) Recombinant tPA, a serine protease; single 
glycosylated polypeptide chain, MW 59 kDa, 
527 amino acids

CHO cells

Dornase α (Pulmozyme) Recombinant human deoxyribonuclease I (rh 
DNASE I); 260 amino acids, identical to 
natural enzyme

CHO cells

Elosulfase α (Vimizim) Recombinant N-acetylgalactosamine-6- 
sulfatase (rhGALNS); monomer 496 amino 
acids, MW 55.4 kDa, 2 glycosylation sites. 
Cys53 (in active site) modified to 
formylglycine

CHO cells

Imiglucerase (Cerezyme) Recombinant monomeric glycoprotein human 
β-glucocerebrosidase; MW 60.4 kDa, 497 
amino acids; His not Arg at position 495 of 
placental enzyme. Oligosaccharide chains 
modified to expose terminal mannose residues

CHO cells

L-Asparaginase (Elspar; 
Erwinase;

From E. coli (Elspar) E.coli/E.chrysanthemi
From Erwinia chrysanthemi (Erwinaze)
L-asparagine specific; 4 subunits; MW 35 kDa

Laronidase (Aldurazyme) Recombinant variant of human α-L 
iduronidase; MW 83 kDa, 628 amino acids; 6 
glycosylation sites with at least 2 mannose; 
6-phosphorylated

CHO cells

Orciplasmin (Jetrea) Recombinant truncated human plasmin, 
MW ≈ 27.2 kDa 2 polypeptide chains of 19 
and 230 aminoacids linked by two disulphide 
bridges.

P. pastoris

Pegasparagase (Oncaspar) E. coli enzyme linked to 
monomethylpolyethylene glycol (PEG)

E.coli

Rasburicase (Elitek, Fasturtek) Recombinant Aspergillus-derived urate oxidase 
expressed in yeast, tetrameric protein with 
identical subunits 301 amino acids, MW 
34 kDa

S. cerevisiae

Taliglucerase-α (Elelyso) Recombinant human lysosomal 
β-glucocerebrosidase; MW 60.8 kDa; differs 
from natural enzyme by 2 amino acids at 
N-terminal and up to 7 at C-terminal

Plant system (carrot cells)

Tenecteplase (TNKase; 
Metalyse)

Recombinant tPA of 527 amino acids with Asn 
for Thr at 103, Gln for Asn at 117, and tetra 
Ala at 296–299

CHO cells

1 Production and Purification of Therapeutic Enzymes
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The development of the first chromatography 
steps is often the most difficult and time consum-
ing aspect of developing a purification process, as 
a highly efficient and robust first step is critical to 
a successful bioprocess. This step is commonly 
an ion exchange chromatography that is designed/
optimized to remove potentially deleterious 
impurities such as proteolytic enzymes released 
by the host organism in recombinant protein pro-
duction (Bonnerjea 2004). Ion exchange resins 
have high loading capacities and can be operated 
at high flow rates, which is a fundamental issue in 
process scale-up. After this step, a sequence of 
other chromatographic separations is generally 
used to remove the remaining impurities and 
recover the target enzyme with a high purity 
level. These include hydrophobic interaction 
chromatography and gel filtration (or size exclu-
sion) chromatography (Tripathi 2016).

Affinity chromatography allows high selectiv-
ity, high resolution and usually high capacity for 

the target enzyme while enabling the obtention of 
products with high purity in a single step. It 
requires a specific ligand, covalently bound to the 
chromatographic resin (Tripathi 2016). The 
ligand may recognize the target enzyme or an 
affinity tag fused to it. When possible and eco-
nomically viable, this type of chromatography is 
frequently applied as the initial step of the purifi-
cation process, followed by a chromatographic or 
polishing step to remove remaining impurities.

Before final formulation, polishing steps are 
essential to remove trace contaminants as bacte-
rial pathogens, related endotoxins, host cell pro-
teins and DNA, biological leachates from 
columns with immunogenic potential and adven-
titious pathogenic viruses into acceptable con-
centration levels. The polishing strategy is 
nowadays well established for the most common 
contaminants and is generally achieved by pro-
cedures for virus inactivation and bioburden 
removal by specific chromatographic processes 

Fig. 1.1 Overview of a generalized manufacturing scheme for therapeutic enzymes
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and/or micro/nanofiltration of the final product 
preparation (Zhu et al. 2007; Gupta and Shukla 
2017; Bonnerjea 2004). Therefore, downstream 
processes for CHO cell recombinant products 
have matured a stage where they can be purified 
to contain no more than picogram levels of con-
taminating CHO DNA per dose of product. Also, 
it has been found that many pathogenic viruses 
such as HIV, influenza, polio, herpes and mea-
sles do not replicate in CHO. Therefore, from a 
regulatory standpoint, CHO cells have withstood 
the test of time, and extensive testing and safety 
data eases approval of new CHO-based thera-
peutics (Jayapal et al. 2007).

At a laboratorial scale, different sources and 
bioprocesses have been explored to optimize the 
production of bioactive and stable therapeutic 
enzymes. Particularly, L-asparaginase 
(L-ASNase) has been widely studied in this con-
text. The production and purification of 
L-ASNase (recombinant and non recombinant) 
has been recently reviewed by Verma et  al. 
(2007). A wide range of microorganisms such as 
bacteria, fungi, yeast, Actinomycetes, algae and 
plants has proven to be proficient sources of this 
enzyme. Some organisms produce two forms of 
asparaginase, L-asaparaginase I and 
L-asparaginase II, which are two enzymes 
genetically and biochemically distinct. L aspara-
ginase I is constitutive while L-aspariganse II is 
secreted in response to nitrogen source starva-
tion. Commercially available L-ASNase are 
derived from E. coli, native and pegylated (PEG 
asparaginase) and from E. chrysanthemy 
(Tundisi et al. 2017).

Table 1.4 summarizes examples of purifica-
tion strategies developed for the recovery of 
recombinant therapeutic enzymes in different 
expression systems at laboratorial scale studies. 
In most cases, the target enzyme was purified to 
near homogeneity but final activity yields were 
not always sufficiently high (i.e., >70–80%), 
which is a limitation for processes scale-up.

In some of the examples described, the gene 
coding for the enzyme is fused to another gene 
coding for an affinity tag to facilitate recovery by 
affinity chromatography. Affinity tags are robust 
tools that can be used to purify proteins, which 

makes them attractive candidates for implemen-
tation into platform processes. At a laboratory 
scale, tags can be applied to a wide variety of tar-
gets and typically yield high purity products, 
with high yield (>90%) after a single column 
chromatographic step. However, whereas many 
tagged proteins retain their structural integrity 
and biological activity, others do not (Waugh 
2011). Due to the unpredictable changes that 
adding a tag may cause in a protein and its behav-
iour (Arnau et al. 2006), it is usually desirable to 
remove the tag at end of the process. This 
becomes more relevant when designing a process 
for the production of a recombinant protein that 
is intended for clinical use as some types of tags 
can create additional safety/regulatory issues 
(e.g., unpredictable immunogenic potential) 
when fused to human proteins/enzymes. 
Depending on the method used for tag removal, 
an additional separation step may be required to 
isolate the native, ‘tagless’ protein (Arnau et al. 
2006). Therefore, tag removal remains a signifi-
cant and cost-adding issue that must be resolved 
before affinity tags become widely used at manu-
facturing scale. One alternative is self-cleaving 
purification tags (e.g., inteins), which can pro-
vide the purity and versatility of more conven-
tional tags but eliminate the need for proteolytic 
tag removal (Fong et al. 2010).

Despite the high number of commercially 
available enzyme therapeutics, retrieving infor-
mation about the purification methodologies 
from scientific literature and patents is a difficult 
task. With regard to patents, several claims and 
embodiments are usually presented for several 
steps of the purification process, which difficult 
the assessment of those that are implemented in 
real industrial applications.

1.4  Large Scale Manufacturing 
of Therapeutic Enzymes

The numerous research studies regarding thera-
peutic enzymes, discussed in the previous sec-
tions, opened the possibility to treat a wide 
range of disorders. However, a therapy can 
only be implemented if the enzyme passes the 
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14

Table 1.4 Examples of purification strategies for the isolation and characterisation of recombinant therapeutic 
enzymes, in different expression systems

Enzyme Producing organism Purification Methodology References
Human tissue plasminogen 
activator (tPA)

E. coli SF110 
(Coexpression of DsbCa)

Affinity chromatography (3 
steps) on lysine-Sepharose, 
immobilized Erythrina caffra 
inhibitor and Zn-Sepharose resins

Qiu et al. 
(1998)

Human tissue plasminogen 
activator (tPA) –His6

Transplastomic Nicotiana 
tabacum L. plant 
(chloroplasts)

Extraction of proteins from 
cloroplasts, dialysis, ion metal 
affinity chromatography (IMAC) 
on Ni-NTA agarose

Abdoli-Nasab 
et al. (2016) 
and Hidalgo 
et al. (2017)

Human microplasminogen (the 
inactive precursor of 
orciplasmin)

P. pastoris Immuno affinity chromatograpy 
(with a monoclonal anti-
orciplasmin antibody)

Noppen et al. 
(2014)

L-Asparaginase (isozyme II) 
from E. coli – His6 (secreted)b

E. coli BLR (DE3) Ion metal affinity 
chromatography (IMAC) on 
Ni-NTA agarose

Khushoo et al. 
(2004)

L-asparaginase from Erwinia 
chrysanthemi

E. chrysanthemi Ion exchange chromatography on 
S-Sepharose FF

Goward et al. 
(1992)

L-asparaginase from Erwinia 
chrysanthemi 
3937(Erl-ASNase)

E. coli BL21(DE3)pLysS Ion exchange chromatography on 
S-Sepharose FF

Kotzia and 
Labrou (2009)

Carboxypeptidase G2 from 
Pseudomonas sp. strain RS16 
and 
its individual domains – His6

c

E. coli (several strains)d Ion metal affinity 
chromatography (IMAC) on 
Ni-NTA agarose

Jeyaharan 
et al. (2016)

Human acid β-glucosidase Transgenic rice Hydrophobic interaction 
chromatography on Octyl FF 
Sepharose, ion exchange 
chromatography on SP HR 
column, gel filtration on 
Sephacryl S-100 High Resolution

Patti et al. 
(2012)

Human α-L-iduronidase CHO cells Affinity chromatography on 
concanavalin A-Sepharose, 
heparin-Sepharose, gel filtration 
on Sephacryl S-200

Kakkis et al. 
(1994)

Human 
α-N-acetylglucosaminidase

CHO cells Affinity chromatography (2 
steps) on concanavalin 
A-Sepharose, perfusion 
chromatography on porous 20 
HE, hydrophobic interaction 
chromatography (amino-octyl 
agarose)

Zhao and 
Neufeld 
(2000)

Urate oxidase from Aspergillus 
flavus (soluble)

E. coli BL21(DE3) Ion exchange chromatography 
(DEAE SEpharose FF), 
hydrophobic interaction (Phenyl 
Sepharose FF) chromatography, 
Gel Filtration (Hiload 26/60 
Superdex 75)

Li et al. (2006)

Urate oxidase from Aspergillus 
flavus

Not specified Crystallization techniquese Giffard et al. 
(2011)

(continued)
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clinical trials and obtains the necessary regula-
tory approvals, and if an efficient manufactur-
ing and purification process can be developed 
for commercial scale. The growing number of 
cancer cases and cardio vascular diseases is 
one of the most important driving forces for the 
growth of the therapeutic enzymes market 
(Persistence Market Research 2018) and 
increase in the production scale. Replacement 
therapy is also continuously demanding high 
quantities of therapeutic enzymes.

In most applications, oral administration is 
not recommended as enzymes may be digested 
by proteases. Formulations allowing the direct 
injection of the enzymes into the bloodstream 
are preferable but must comply with very high 
purity specifications. This makes crucial the 
purification steps from the bioreactor, where 
enzymes are produced, to product separation, 
and elimination of contaminants and unwanted 
compounds. Besides, to meet current good man-
ufacturing practices, documented purity is criti-
cal along the purification process and, together 
with recovery yields, must be attained taking 
into consideration cost constraints (Willson and 
Ladisch 1990). The documented evidence assur-
ing the production of a compound meeting the 
specifications published e.g. in FDA guidelines, 
allows process validation for large-scale produc-
tion of a therapeutic enzyme.

Two important factors determine the overall 
manufacturing process: (i) the first is related to 
the production step, including the composition 
of the production medium, the type of producer 
(e.g. microorganism or animal cells), location 
of production (e.g. cytoplasm, periplasm, 
supernatant) and other production related 
aspects; (ii) the second relates to the desired 
compound, and is influenced by the form of 
product, type of impurities present, final purity 
and cost (Ho 1990). As previously mentioned, 
the extraction and purification of recombinant 
proteins may reach more than 50% of the total 
processing costs (Doran 2013; Roque et  al. 
2004).

1.4.1  Fermentation/Production 
Step

Biomass concentration and protein yields at the 
end of fermentation have a significant impact on 
enzyme cost. Ferreira et al. (2018) estimated 14 
orders of magnitude between a case with low bio-
mass and low recombinant enzyme content 
(1926 USD/kg) and the case with the highest bio-
mass and recombinant enzyme productivities 
(135 USD/kg), with enzyme cost decreasing con-
siderably with increasing volumetric productivity 
(Ferreira et al. 2018).

Enzyme Producing organism Purification Methodology References
Urate oxidase from Aspergillus 
flavus – His6

P. pastoris GS115 Ion metal affinity 
chromatography (IMAC) on 
Ni-NTA agarose

Fazel et al. 
(2014)

Urate oxidase from 
Kluyveromyces marxianus – 
cellulose binding affinity tagf

E. coli BL21(DE3) Affinity chromatography (on 
cellulose)

Wang et al. 
(2006)

aEnzyme that catalyses disulfide bond isomerization in the periplasm, increasing the formation of active tPA
bExtracellular expression was obtained by fusing the gene coding for aspaginase II to an efficient pelB leader sequence 
and a N-terminal His6 tag
cFirst high yield (250 mgL−1) recombinant expression and purification of soluble and active carboxypeptidase two using 
the E. coli expression system
dWhen needed His Tag was removed in the end by incubation with tobacco etch virus (TEV) protease at 4 °C for 48 h
eAlternative to chromatography
fUrate oxidase was fused to a self-cleaving intein removed after purification

Table 1.4 (continued)
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To minimize production cost and timeline, 
several upstream improvements have been devel-
oped, including enhanced engineered hosts, bet-
ter cell lines, high-performing media free of 
animal-derived components, and improved biore-
actor design (Chon and Zarbis-Papastoitsis 2011; 
Gupta and Shukla 2017). Recombinant DNA 
technology has been efficiently used to develop 
expression systems to produce enzymes from the 
original organism using industrial microorgan-
isms such as E. coli and Bacillus subtilis. E. coli 
provides the least expensive, fastest and easiest 
expression system but this bacterium cannot 
express very large proteins (>30  kD), S-S rich 
proteins, or proteins requiring post-translational 
modifications (Demain and Vaishnav 2009).

In E. coli-based bioprocesses, nutrient compo-
sition of the cultivation medium and fermentation 
parameters, such as temperature, pH and dis-
solved oxygen, largely affect cell density and 
production yields. When high cell densities are 
reached, nutrient depletion, especially of dis-
solved oxygen, and acetate accumulation occur, 
which affects the production of recombinant pro-
teins. During aerobic growth on glucose, E. coli 
converts 10–30% of the carbon flux from glucose 
into acetate (Tripathi et al. 2009). Excessive pro-
duction of acetate may be prevented by control-
ling glucose concentration, lowering the growth 
temperature and using a low-acetate-producing 
E. coli strain such as BL21 (Phue and Shiloach 
2004; Ferreira et al. 2018). However, in industrial 
fermenters with glucose feeding, cells at the top 
of the cultivation medium are challenged by high 
glucose concentrations whist those at the bottom 
may suffer from glucose starvation, resulting in 
heterogeneous acetate profiles, decreased plas-
mid stability, and lower protein production rates 
inside the vessels (Tripathi et al. 2009).

Soluble recombinant proteins produced in the 
cytoplasm may be recovered after cell lysis. 
However, they will be susceptible to proteolysis, 
before and after cell lysis. Several strategies have 
been tested to prevent proteolysis of the produced 
proteins, including: the use of protease-defective 
E. coli strains, yeast or mammalian cells; lower-
ing the incubation and cell processing tempera-
tures; changing the induction conditions; 

decreasing the processing time; and, addition of 
protease inhibitors (Ryan and Henehan 2013).

Bacillus strains such as B. subtilis, B. licheni-
formis, B. megaterium, and B. brevis, were proven 
as preferred homologous expression systems for 
the production of e.g. proteases and amylases 
since they are easy to manipulate and metaboli-
cally robust. Furthermore, they are genetically 
well characterised systems, regarded as “gener-
ally recognised as safe” (GRAS), grow well and 
have high secretion with no involvement of intra-
cellular inclusion bodies, resulting in efficient 
and cost effective recovery systems (Demain and 
Vaishnav 2009; Westers et  al. 2004; Hohmann 
et al. 2016). Nijland and Kuipers (2008) reviewed 
the numerous patents that have been published to 
optimize protein secretion by B. subtilis, includ-
ing the use of strong promoters, overexpression 
of targeting chaperones, deletion of proteases, 
and changes in charge of the cell wall or of the 
secreted protein (Nijland and Kuipers 2008).

It has also been shown that Lactococcus lactis 
may be used at industrial scale to produce heter-
ologous proteins such as lysostaphin using the 
nisin-controlled gene expression system (Mierau 
et al. 2005). Lysostaphin is an antibacterial pro-
tein effective against Staphylococcus aureus. To 
guarantee that the product was Bovine 
Spongiform Encephalomyelitis (BSE) agent-
free, a new media containing only plant-based 
peptone, yeast extract, and certified BSE free lac-
tose was developed. Scale-up to 3000 L fermen-
ters resulted in the production of 100  mg/L 
lysostaphin.

Yeasts present several advantages as cloning 
hosts, when compared to bacteria, since they 
grow rapidly in simple media to high cell densi-
ties, may produce proteins larger than 50 kD, and 
may secrete heterologous proteins into the extra-
cellular cultivation media (Demain and Vaishnav 
2009; Adrio and Demain 2014). The two most 
used yeasts as expression systems are S. cerevi-
siae and P. pastoris, but lately other yeasts such 
as Komagataella sp., Kluyveromyces lactis, and 
Yarrowia lipolytica have emerged as advanta-
geous hosts (Gomes et al. 2018).

To improve recombinant protein yields in 
manufacturing processes using yeasts as hosts, 
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several cultivation strategies have been applied, 
including control of dissolved oxygen concentra-
tion, temperature, pH and osmolarity (Gomes 
et  al. 2018; Cereghino et  al. 2002). Wang et  al. 
(2006) evaluated different procedures for harvest-
ing a therapeutic protein from high cell density 
fermentation broth of P. pastoris: centrifugation 
followed by depth filtration (Option1), centrifu-
gation followed by filter-aid enhanced depth fil-
tration (Option2), and microfiltration (Option3) 
(Wang et al. 2006). The authors studied the scale-
up to 3000 L fermentation broth, maintaining the 
filter or membrane loading constant, and using 
Prostak membranes or hollow fibber cartridges in 
series in microfiltration to reduce total pumping 
requirements. All three approaches allowed prod-
uct recoveries above 80%, harvest process time 
below 15 h, and clarification lower than 6 nephe-
lometric turbidity units. However, Options 1 and 
2 require high capital investment, but low invest-
ment in consumables and reuse of equipment, 
contrary to Option3.

Mammalian cells, in particular Chinese ham-
ster ovary (CHO) cells, are used for large scale 
manufacturing of many FDA approved therapeutic 
enzymes. Several biopharmaceutical companies 
have invested in single-use bioreactors for the cul-
tivation of mammalian cells, with the major advan-
tages being a reduced capital investment in 
facilities and equipment, and the time saved in 
necessary operations in stainless steel bioreactors 
such as sterilization and cleaning, i.e., a faster 
campaign turnaround time is possible (Agrawal 
and Bal 2012; Langer 2017). Cellular growth and 
metabolism of several CHO and NS0 cell lines in 
disposable bioreactors of 50, 250, and 1000 L was 
similar to that obtained in traditional stainless steel 
and glass tanks while the set-up and disposal times 
were much shorter (Smelko et  al. 2011). 
Approximately 7.5  kg of a therapeutic antibody 
could be harvested from the 1100  L disposable 
bioreactor with similar quality to the product pro-
duced in traditional bioreactors by applying a high 
cell mass fed-batch strategy.

Perfusion systems allow the feeding of new 
media to the bioreactor in continuous mode, 
resulting in increased cell density (ca. 
30–100 × 106 cells/mL) when compared to con-

ventional batch and fed-batch processes (ca. 
5–25 × 106 cells/mL), although cell-retention sys-
tems may increase the complexity of operation 
(Lim et al. 2011). Additionally, the centrifugation 
and depth filtration steps, necessary in fed-batch 
systems in traditional bioreactors to remove the 
cells, are not required because the cells are 
retained in perfusion systems.

The application of plants for the production of 
recombinant proteins could present several 
advantages and flexibility when compared with 
microbial and mammalian production systems, in 
terms of e.g. costs, scalability and safety (Hellwig 
et  al. 2004; Merlin et  al. 2014; Sabalza et  al. 
2014). While plant suspension cells and algae 
may be used for low-volume processes, field-
grown commodity crops may be used to produce 
metric tons of recombinant protein at competitive 
costs (Merlin et  al. 2014). Besides, a unique 
advantage of plant- based systems for the produc-
tion of pharmaceuticals for oral administration is 
the “bioencapsulation” of the product by edible 
plants (Daniell et  al. 2009). However, several 
aspects have to be overcome before plant systems 
may be used extensively, such as: lack of control 
over growth conditions; batch-to-batch product 
consistency; a high level of containment; mainte-
nance of protein stability in plant tissues; and, 
storage of plant material containing the desired 
pharmaceutical enzymes as some plants used as 
hosts have limited shelf live in fresh state 
(Streatfield 2007; Hellwig et  al. 2004; Daniell 
et al. 2009). To date only few plant-made phar-
maceuticals (PMP) have been approved by regu-
latory agencies for commercial sale, including a 
recombinant glucocerebrosidase to be used as 
enzyme replacement therapy for the long-term 
treatment of adult patients with Gaucher disease 
(Protalix Biotherapeutics, Israel).

1.4.2  Product Isolation 
and Purification

There is no general protocol to develop a large-
scale downstream process for the purification of 
therapeutic enzymes, although the purification 
process usually involves the following steps: 
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removal of insoluble material such as biomass 
and cell debris; concentration; fractioning and 
isolation of the product; and purification.

Following enzyme production at large scale in 
fermenters using microbial cells, continuous cen-
trifugation or filtration is usually the first step for 
separation of cell biomass from the cultivation 
broth. A concentration step may be carried by 
ultrafiltration, which will further purify the 
enzyme containing solution by removing ions 
and proteins with lower molecular weight than 
the desired enzyme. The increased enzyme con-
centration will favour chromatographic purifica-
tion steps by decreasing the amount of support 
needed. Other intermediate purification steps 
may include salt precipitation followed by dialy-
sis and two-phase liquid extraction.

The purification of L-asparaginase represents 
up to 80% of the total production costs since the 
highly purified solution enables reduced risk of 
toxicity and allergies (Tundisi et al. 2017). Aqueous 
two-phase systems (ATPS) were found useful to 
overcome long processing times, and combined 
with precipitation and/or fractioning steps are a 
viable process for protein purification (Tundisi 
et al. 2017). Besides, since clarification, concentra-
tion and purification are done in just one step, and 
the scale-up is possible by using equipment found 
traditionally in the industry for liquid-liquid extrac-
tion, total costs decrease significantly.

Varga et al., patented a new method to recover 
polymyxin B, which is a complex of very similar 
polypeptide antibiotics, produced by Bacillus 
strains (US 7951913 B2 (Varga et al. 2011). The 
invention describes the purification of polymyxin 
B as follows: the filtrate of the fermentation broth 
has the pH adjusted to 2.5–3.5 and is purified 
using polystyrene non-ionogenic synthetic adsor-
bents, with the compound being eluted by an 
aqueous solution of an organic solvent (e.g. 
methanol, ethanol, propanol, acetone); poly-
myxin B in the water- organic eluate is precipi-
tated by the use of an alkaline agent such as 
NaOH or KOH at pH 9–11; the precipitated prod-
uct is filtered, washed with deionized water at 
temperature from 30 °C to 80 °C, and neutralized 
with an acid solution of e.g. HCl; the resulting 
product solution may be discoloured by activated 

carbon, and the pure solution of polymyxin B is 
dried to obtain crystals of the product.

Despite increasing competition from non-
chromatographic techniques (such aqueous two-
phase extraction and precipitation), and pressure 
to reduce costs and increase throughput at a man-
ufacturing scale, packed-bed chromatography is 
still the dominant technique in biopharmaceutical 
proteins purification. This prevalence is mainly 
due to the high-resolution purification that can be 
achieved even for similar components. Advances 
in resin chemistry have alleviated some of the 
concerns that packed-bed chromatography could 
not handle the throughput and production needs 
in coming years. If not during early process 
stages, then during product polishing where very 
high purities are required for therapeutics, it 
seems unlikely that chromatography will lose its 
place in biopharmaceutical manufacturing in the 
near future (Hanke and Ottens 2014).

Lysostaphin, a metalloendopeptidase, pro-
duced by L. lactis was recovered from a 3000 L 
batch after concentration and washing of the 
cells, followed by cell disruption, removal of 
cell debris, and purification by chromatography 
techniques (Mierau et al. 2005). The fermenta-
tion broth was initially concentrated ca. 20-fold 
by tangential flow filtration and 200% diafil-
trated to remove medium components. After 
continuous homogenization at 1400 bar at a rate 
of 80  L/h of the retentate, cell debris were 
removed by another tangential flow filtration. 
Lysostaphin was purified by cation-exchange 
chromatography using SP-Sepharose FF as sup-
port. At the end of the downstream process, ca. 
40% of the originally produced lysostaphin 
could be recovered.

1.4.3  Enzyme Formulations

Irrespectively of the production method, the final 
formulation of therapeutic enzymes must dis-
play high purity and specificity, and they are 
often marketed as a lyophilized pure prepara-
tions with biocompatible buffering salts and 
diluents to prepare the reconstituted aqueous 
solution (Gurung et al. 2013).
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Intravenous, intramuscular and subcutaneous 
injections are the most common ways to deliver 
biopharmaceuticals but oral and pulmonary 
delivery could provide also good alternatives 
(Mitragotri et  al. 2014). However, recombinant 
proteins are susceptible to degradation (e.g. by 
proteases during digestion) and present a consid-
erable molecular size.

To prevent enzymatic degradation in the stom-
ach five of the six pancrelipase products approved 
by FDA for the treatment of exocrine pancreatic 
insufficiency are formulated as enteric-coated 
capsules to delay drug release until they reach the 
lower digestive tract (NDHHS 2012). The other 
pancrealipase that is not enteric- coated must be 
administered with a proton pump inhibitor to 
reduce the gastric pH and thus protein 
degradation.

Glutenases, which may be used for the treat-
ment of Celiac Sprue and/or dermatitis herpeti-
formis in gluten intolerant patients, may be 
administered as: (i) oral preparations of enzymes 
isolated and purified from wild strains, such as 
Penicillum citrinum or Lactobacillus helveticus, 
or recombinant strains; (ii) engineered polymer 
microspheres containing the former enzymes; or 
(iii) a microorganism capable of producing glute-
nase (WO 2005/107786 A1; Shan et al. 2005).

The application of enzymes through inhala-
tion is effective e.g. in patients with cystic 
fibrosis. Dornase alfa (Pulmozyme®), is a 
highly purified solution of recombinant human 
deoxyribonuclease I, an enzyme that selec-
tively cleaves DNA.  The enzyme is produced 
by CHO cells and is purified by tangential flow 
filtration and column chromatography (report 
1993–2015).

Administration of insulin via an inhaler was 
not the expected success, with Pfizer and Sanofi 
presenting disappointing sales probably due to 
cost and lack of trust from physicians who ques-
tioned the control of the dose received by the 
patient (Oleck et al. 2016).
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Abstract
Since ERT for several LSDs treatment has 
emerged at the beginning of the 1980s with 
Orphan Drug approval, patients’ expectancy 
and life quality have been improved. Most 
LSDs treatment are based on the replaced of 
mutated or deficient protein with the natural or 
recombinant protein.

One of the main ERT drawback is the high 
drug prices. Therefore, different strategies 
trying to optimize the global ERT 
biotherapeutic production have been proposed. 
LVs, a gene delivery tool, can be proposed as 
an alternative method to generate stable cell 
lines in manufacturing of recombinant 
proteins. Since LVs have been used in human 
gene therapy, clinical trials, safety testing 
assays and procedures have been developed. 
Moreover, one of the main advantages of LVs 
strategy to obtain manufacturing cell line is 
the short period required as well as the high 
protein levels achieved.

In this chapter, we will focus on LVs as a 
recombinant protein production platform and 
we will present a case study that employs LVs 
to express in a manufacturing cell line, alpha- 
Galactosidase A (rhαGAL), which is used as 
ERT for Fabry disease treatment.

Keywords
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Vectors (LVs) · rhαGAL
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ER endothelial reticulum
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FDA Food and Drug Administration
LSD lysosomal storage disease
MPS mucopolysaccaridosis
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LVs lentiviral vectors
CHO Chinese Hamster Ovary
Neu5Gc N-glycolylneuraminic acid
BHK-21 baby hamster kidney cells
HEK293 Human Embryonic Kidney 293
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EMA European Medicines Agency
CAP CEVEC´s Amniocyte 

Production
ICH  International Conference of 

Harmonization
TGE transient gene expression
DHFR dihydrofolate reductase
GS glutamine synthetase
MTX methotrexate
MSX methionine sulfoximine
HPRT hypoxanthine phosphoribosyl 

transferase
RMCE recombinase-mediated cassette 

exchange
FRT  flippase recognition target sites
ZFNs zinc finger nucleases
TALENs transcription activator-like 

effector nucleases
NHEJ non-homologous end-joining
HDR homology-directed repair
CRISPR clustered regularly interspaced 

short palindromic repeats
SpCas9 Streptococcus pyogenes Cas9 

endonuclease
gRNA guide RNA
trcRNA trans-acting antisense RNA
PAM protospacer adjacent motif
S/MARs matrix attachment regions
UCOEs Ubiquitous Chromatin Opening 

Elements
PEI Polyethylenimine
RT reverse transcriptase
IN integrase
TG transgene
VSV Vesicular Stomatitis Virus
LTR long terminal repeats
SIN self-inactivating
RRE rev response elements
cPPT Central Polypurine tract
WPRE post-transcriptional regulatory 

element of the woodchuck
qPCR real time polymerase chain 

reaction
MOI multiplicity of infection
CAR chimeric antigen receptor
RCL replication-competent lentivirus
ELISA enzyme-linked immunosorbent 

assay

PERT product-enhanced reverse 
transcriptase

LOD limit of detection
M6P phosphate-6-O-mannose
GlcNAc N-acetylglucosamine
M6PR M6P receptor
C6S chondroitin-6-sulfate
KS keratan sulfate
GALNS N-acetylgalactosamine-6-sulfate 

sulfatase
LAL Lysosomal acid lipase
Gb3 globotriaosylceramide
rhαGAL recombinant human alpha 

galactosidase A
LP lentiviral particle
IEX ionic exchange
HIC Hydrophobic interaction 

chromatography
RP-HPLC reversed phase high performance 

liquid chromatography
IEF isoelectrofocusing
HPAEC-PAD high-pH anion-exchange 

chromatography with pulsed 
amperometric detection

WAX weak anion exchange
Man Mannose
Gal Galactose
GlcNAc N-acetylglucosamine
Fuc Fucose
4MU-α-Gal 4-Methylumbelliferyl 

α-D-galactopyranoside

2.1  Introduction

Recombinant protein production has emerged in 
the 1980s and, since then, have gained importance. 
Indeed, different strategies have been developed 
to improve the protein production levels, and 
thus, reducing the cost. Nowadays, there are 
extensive expression systems available for large-
scale recombinant protein production: E. coli, 
baculovirus-mediated insect cell expression, 
yeast, as well as several mammalian-based 
systems can be mentioned as examples. Platforms 
like E. coli, yeast and insect cells are still the 
preferred systems for many protein expression 
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groups; however, to obtain optimum yields and 
activities, mammalian proteins often require to 
be expressed in animal cells systems 
(Bandaranayake and Almo 2014). In addition, an 
adequate protein glycosylation profile is always 
desirable, determining proper biological 
functions of many proteins. For instance, many 
cell surface proteins are glycosylated and will not 
assemble correctly into membranes or function 
properly if lacking their sugar residues (Clark 
and Pazdernik 2016).

Bacterial cells are by far the cheapest and fast-
est platform for recombinant protein expression. 
In addition, they are able to glycosylate some 
proteins through the attachment of glycosyl 
groups to side-chain oxygens by a process known 
as O-glycosylation. However, they do not 
N-glycosylate and, in many cases, they do not 
allow correct folding of mammalian proteins. 
Other recombinant proteins are produced in 
yeast, which can also divide rapidly and generate 
high yields. However, these cells produce glyco-
proteins with high-mannose glycan structures, 
which may be immunogenic if they are used as 
biotherapeutics. Examples of approved therapeu-
tics from yeast expression systems are ocriplas-
min (JETREA®) and catridecagog (TRETTEN®). 
Plants and baculovirus are able to produce 
recombinant proteins with complex glycans but, 
like yeast, these could be immunogenic. In addi-
tion, both plant and baculovirus system glycopro-
teins lack sialic acid residues, a monosaccharide 
playing an essential role in prolonging protein’s 
serum half-life. Currently, the only therapeutics 
approved from insect cell expression systems are 
the human papillomavirus vaccine 
(CERVARIX®), the prostate cancer immunother-
apy vaccine (PROVENGE®) and the flu vaccine 
(FLUBLOK®) (Dumont et al. 2016; Cox 2012;). 
Regarding plant cells, several attempts have been 
made to improve glycosylation profile. For 
instance, Pegunigalsidase alfa (PRX-102, 
Protalix Biotherapeutics) was expressed in 
Tobacco BY2 cell culture and targeted to the ER 
adding of a C-terminal KDEL signal peptide. 
Consequently, as expected of an ER retained pro-
tein, it exhibited mainly high mannose structures, 
in addition to paucimannose structures. However, 
in the absence of sialic acid residues, the long cir-

culatory half-life of PRX-102 was achieved by 
chemical modification with a homo-bifunctional 
PEG molecule (Kizhner et al. 2015).

On the contrary, mammalian cells allow 
proper glycosylation and folding of proteins, but 
their culture is more expensive, growth rate is 
slower and recombinant protein yields tend to be 
lower. Therefore, determining the system to 
express recombinant proteins depends on the 
protein and its particular properties.

About 60–70% of the FDA-approved recom-
binant proteins for therapeutic use are obtained 
employing mammalian cells; around 20% using 
E. coli and the remainder using baculovirus, 
yeast and transgenic animals as expression sys-
tems (Clark and Pazdernik 2016). Among thera-
peutic proteins, enzymes represent a small and 
profitable market (Kumar and Abdulhameed 
2017). Enzymes are biological catalysts that 
promote the majority of reactions occurring in 
biological systems. They are crucial pillars to 
maintain life, as without them these reactions 
would not take place in a proper period of time 
(Porter et al. 2016). The use of enzymes as bio-
therapeutics was in practice long ago, employ-
ing crude preparations as digestive aids for 
gastrointestinal diseases. Their potential as a 
therapeutic tool was first described during the 
development of an effective anthrax treatment 
using crude secretions from Bacillus pyocya-
neuswas, suggesting that enzymes are respon-
sible for the action. Today, enzymes have 
clinical applications as cardiovascular agents, 
oncolytics, digestive aids, in the replacement 
therapy of lysosomal storage disorders and 
wound debridement agents, just to mention a 
few. Enzymes’ specificity represents an 
advantage in comparison with non- enzymatic 
drugs (Kumar and Abdulhameed 2017).

Development of enzyme therapeutics against 
rare diseases such as LSDs was initially supported 
by the Orphan Drug Act approved in 1983 in the 
USA. This legislation offer incentives such as a 
7-year marketing exclusivity, and availability of 
grant funding (~$400,000 per year for 4  years) 
for rare diseases, defined as those affecting less 
than 200,000 individuals in the USA. Since 2000, 
in the European Union, orphan designation, 
defined by an incidence of not more than five in 
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10,000 individuals, was available, conferring a 
10-year market exclusivity, tax benefits and 
application fees waivers. Indeed, similar orphan 
drug legislations were approved in several 
countries such as Australia (1988), Japan (1993) 
and Singapore (1997) (Solomon and Muro 2017).

Alglucerase (Ceredase®) was the first enzyme 
for replacement therapy approved by the FDA in 
1991 against a LSD named Gaucher disease. The 
LSDs are a group of 50–60 distinct metabolic 
disorders exhibiting an abnormal, progressive 
store of non-degraded substances in altered cells, 
which can be debilitating, even fatal (Kumar and 
Abdulhameed 2017; Solomon and Muro 2017). 
All LSDs are monogenetic diseases inherited as 
autosomal recessive manner, except Fabry 
disease and MPS type II, which are both inherited 
as X-linked recessive condition, and Danon 
disease inherited in an X-linked dominant pattern 
(Solomon and Muro 2017).

In general, the LSD management can be 
grouped into two types of treatments: palliative 
approaches and disease specific treatments. The 
former is used to treat symptoms, whereas the 
latter is used to correct or ameliorate the 
biochemical defect. Among other approaches 
such as gene therapy, small molecules therapy 
and organ/cell transplantation, ERT represents an 
adequate strategy for eight out of the 50–60 
LSDs. Although the average cost of ERT ranges 
from $50,000–200,000 per year, it is the most 
effective therapy to this date even when other 
shortcomings like size, antigenicity and stability 
are involved. Consequently, ERT improvements 
are being continuously investigated trying to 
increase therapeutic efficacy, reduce dosage and 
adverse effects, and ultimately increase ERT 
feasibility (Kumar and Abdulhameed 2017; 
Solomon and Muro 2017).

In this chapter, we will focus on this final 
issue, providing an overview of the different 
strategies trying to optimize the active 
recombinant enzymes’ production processes. 
Besides, we will focus our discussion on a 
specific gene delivery tool that enhances protein 
expression based on LVs. Finally, we will present 
a case study which employs LVs to express alpha- 

Galactosidase A, used as ERT for Fabry disease, 
in a manufacturing cell line.

2.2  Production of Therapeutic 
Enzymes in Animal Cell 
Cultures

Protein therapeutics represent the largest group 
of new products in development by the 
biopharmaceutical industry (Dumont et al. 2016). 
The manufacturing and production of these drugs 
imply many steps. Indeed, protein therapeutics 
exhibit complex secondary, tertiary and 
quaternary structures that must be maintained, 
and many require posttranslational modifications. 
These probably are the main reasons why protein 
therapeutics cannot be completely synthesized by 
chemical processes and have to be manufactured 
in living cells (Lagassé et al. 2017).

As we have mentioned above, biotherapeutic 
proteins are produced in a wide variety of 
platforms, including non-mammalian hosts 
(bacteria, yeast, plant and insect) and mammalian 
expression systems (including human cell lines). 
In addition, the most appropriate expression 
platform depends on the particular protein to be 
expressed. Consequently, the choice of the cell 
line, species origin, and culture conditions all 
affect the final properties of the proteins that will 
reach the market. Thus, it is desirable to obtain a 
high-quality final product maintaining not only 
its safety attributes but also its efficacy (Lagassé 
et al. 2017). Regarding this, the mammalian cells 
are the preferred expression system due to their 
ability to produce complex proteins with a proper 
glycosylation profile similar to those produced in 
humans. Moreover, contrary to other expression 
platforms such as bacteria, most proteins can be 
secreted rather than requiring cell lysing 
facilitating and reducing the cost of the 
downstream processing.

The workhorse of mammalian protein produc-
tion, especially at industrial scale, is the CHO cell 
line, isolated by Theodore Puck in the late 1950s. 
The wide spread of CHO cells as recombinant 
protein production platforms is due to its ability to 
achieve high densities in suspension culture mode 
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and the facility to adapt them to grow in serum 
and protein free conditions (Hacker and 
Balasubramanian 2016; Bandaranayake and 
Almo 2014; Butler and Spearman 2014). Besides, 
several gene amplification systems have been 
established with CHO cells, allowing a high gene 
copy number, a subsequent high protein yield (up 
to the gram per liter range for some proteins), and 
a high protein productivity (Dumont et al. 2016). 
Furthermore, as this cell line has been used for 
more than 50  years, there is a well-established 
process accepted by organizations, regulatory 
agencies and suppliers, simplifying and reducing 
the costs of the entire protein production process. 
The first approved biotherapeutic using a CHO 
platform was tissue plasminogen activator, pro-
duced in 1986 by Genentech Inc. (Khan 2013). 
Today, the overall value of products originating 
from these cells exceeds 50 billons dollars 
annually (Wurm 2013).

However, one drawback in biotherapeutics 
production using the CHO platform is the fact 
that it produces two types of monosaccharides 
present in many mammals, though not in humans, 
named galactose-α1,3-galactose and Neu5Gc. 
Because glycans containing these two types of 
residues have been described as antigenic, non- 
human cell lines must be screened during the 
production step to identify clones with acceptable 
glycan profiles (Higgins 2010).

Other non-human cell lines used for the pro-
duction of biotherapeutics proteins include sus-
pension BHK-21, used in the production of 
coagulation factors such as factor VIII (Wurm 
2004), and murine myeloma cell lines (NS0 and 
Sp2/0), employed for the production of mAbs, 
for instance, palivizumab and ofatumumab 
(Dumont et al. 2016).

Developed almost two decades after the CHO 
platform, the HEK293 cell line was the first 
human cell line to be transformed using 
adenovirus DNA fragments of the Ad5 serotype. 
Since then, the HEK293 system has become one 
of the preferred used human cell lines for protein 
production (Bandaranayake and Almo 2014). 
HEK293 cells are easily grown in suspension 
serum-free culture, reproduced rapidly, adaptable 
to several of transfection methods, and highly 

efficient at protein production (Dumont et  al. 
2016). To improve transient gene expression, two 
additional cell lines were developed, the 
HEK293-T line expressing the SV40 large 
T-antigen and the 293-E line expressing the 
Epstein-Barr virus EBNA1 protein. Both of them 
support the episomal replication of plasmids 
containing either the SV40 origin of replication 
or the EBV oriP, respectively (Bandaranayake 
and Almo 2014). Using Fc fusion technology, 
recombinant factor VIII Fc (rFVIIIFc, Eloctate, 
Bioverativ) and recombinant factor IX Fc 
(rFIXFc, Alprolix, Bioverativ) were developed 
for the treatment of hemophilia A and B 
respectively, fusing a single molecule of rFVIII 
or rFIX to the Fc domain of IgG1. Both drugs are 
examples of bioterapheutics produced by 
recombinant DNA technology in HEK-293 cells 
(Dumont et al. 2016).

Another human cell line, called HT-1080, was 
obtained from a fibrosarcoma with an epithelial- 
like phenotype and has been used by Shire 
Human Genetics Therapies Inc. to produce four 
commercial therapeutic proteins, as outlined 
below. (i) Epoetin delta (DYNEPO®), indicated 
for the treatment of symptomatic anemia related 
with chronic renal failure in adult patients and 
approved by EMA in 2002. Indeed, since 2008 
this drug was discontinued by the manufacturer 
for commercial reasons; (ii) Iduronate-2-sulfatase 
(idursulfase, ELAPRASE®), licensed by EMA in 
2007 and FDA in 2006 for the treatment of 
Hunter disease; (iii) Agalsidase alfa (Replagal), 
authorized by EMA in 2001, but not by FDA, for 
the treatment of Fabry disease. An alternative 
commercial product produced using CHO cells 
(Fabrazyme, Genzyme) was approved by both 
regulatory agencies EMA and FDA; (iv) 
Velaglucerasealfa (VPRIV®), approved in 2010 
by both EMA and FDA for the treatment of type 
1 Gaucher disease. Production of these proteins 
by Shire Human Genetics Therapeutics is based 
on the gene-activation technology, involving the 
introduction of a DNA promoter into the upstream 
of an endogenous gene in the HT-1080 cell line. 
However, up to now, it has not been reported any 
information regarding the characteristics of this 
cell line used in the bioprocess such as growth 
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rate or adherence dependency (Dumont et  al. 
2016; Swiech et  al. 2012). In addition, three 
additional human cell lines have been utilized to 
produce biotherapeutics. The PER.C6 (Crucell) 
cell line was originally generated from human 
retinoblastoma cells immortalized by transfection 
with the adenovirus E1 gene to produce human 
adenovirus vectors in vaccine development and 
gene therapy (Bandaranayake and Almo 2014; 
Dumont et al. 2016). However, this cell line also 
has some features making it ideal for recombinant 
protein production such as its ability to grow in 
suspension culture mode in serum free medium 
reaching high cell densities. Currently, a 
combination of two monoclonal antibodies used 
against rabies virus, named CL184 (Foravirumab, 
Sanofi/Crucell), is produced in PER.C6 cells and 
is being tested in clinical phase 1/2 (Lalonde and 
Durocher 2017). Like PER.C6 cell line, CAP cell 
line was originally developed for adenovirus 
production by transforming primary human cells 
(amniocytes) through adenovirus type five E1 
gene. Nevertheless, this cell line has been 
optimized to grow in suspension mode and can 
be very efficiently transfected with commercially 
available reagents. Moreover, a master cell bank 
of CAP cells has been certified according to ICH 
guidelines and European Pharmacopeia (Swiech 
et  al. 2012). During 2017, CEVEC has been 
granted a patent by the Australian Patent Office 
for its CAP®Go expression technology, a platform 
allowing individual glyco-optimized cell lines 
for difficult-to-express protein production such 
as C1 esterase Inhibitor. Also, CEVEC has filed 
similar patent applications in other important 
markets around the world. Finally, because one 
of the main disadvantages of using HEK293 for 
commercial protein production is that these cells 
form aggregates in bioreactors, Cho and Chen 
(Cho et  al. 2002) fused HEK293 and a human 
B-cell line using PEG, giving rise to HKB-11 cell 
line. The latter has been used to produce a 
recombinant factor VIII protein and tissue factor 
(Dumont et al. 2016).

Despite human cell lines have emerged as the 
most promising alternative to substitute the CHO 
platform, there is no universal production system. 

Indeed, the expression of a recombinant protein 
must be optimized according to the protein itself, 
regulatory and cost implications. In addition, as 
we will explain below, gene expression in 
mammalian cells needs a suitable vector that 
should act as a vehicle to transport the TG into 
the required cell line and an adequate strategy to 
improve both protein quality and quantity.

2.2.1  Strategies to Achieve High 
Level Expression 
of Therapeutic Enzymes

In biopharmaceutical companies, the production 
of glycoproteins is achieved by either transient or 
stable gene expression (Lalonde and Durocher 
2017). Generally, generating stable cell lines 
expressing recombinant proteins takes from 6 to 
12 months. On the contrary, TGE, defined as the 
expression of a gene of interest during a short 
period without being stable integrated into the host 
genome, takes only several weeks to set up a 
production system. Moreover, skipping the lengthy 
selection process involved in the plasmid 
integration within the host genome, the TGE 
upstream process is much simpler than the stable 
gene expression, often generating adequate 
amount of proteins (Lalonde and Durocher 2017; 
Ding et  al. 2017; Hacker and Balasubramanian 
2016). However, TGE requires more than 1 mg of 
plasmid DNA per liter of transfection, representing 
a drawback for projects requiring large culture 
volumes (Hacker and Balasubramanian 2016; 
Bandaranayake and Almo 2014). In addition, TGE 
has not been accepted as manufacturing therapeutic 
drugs, except for vaccine products and viral vectors 
used in gene therapy (Lalonde and Durocher 2017; 
Ding et  al. 2017). The production process 
reproducibility and product quality consistency 
using TGE have been the main concerns.

Because using the stable gene expression sys-
tem guarantees the process robustness and large 
protein amounts, it is still being the most widely 
used protocol. Other advantages of this expres-
sion system are the greater scalability and the 
renewable source of the recombinant cell line 
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from a frozen cell bank (Hacker and 
Balasubramanian 2016).

Currently, different protein-engineering plat-
forms have been proposed aiming to increase the 
circulating half-life, targeting and functionality 
of therapeutic proteins as well as to improve the 
production yield (Lagassé et al. 2017). Regarding 
stable expression, a gene marker is usually inte-
grated in the expression plasmid along with the 
cDNA encoding the TG, conferring a selective 
advantage to the host cells that integrated the 
plasmid into their genome. The DHFR and the 
GS genes are the most frequently used selection 
markers. The first encodes the DHFR enzyme 
required for the synthesis of the essential cofactor 
folic acid. Mammalian cells lacking the DHFR 
DNA sequence (CHO-DXB11 and CHO-DG44) 
have allowed the genes amplification using an 
antagonist of DHFR, the chemical drug 
MTX. These cells require the presence of glycine, 
hypoxanthine and thymidine to survive. The 
selection of recombinant cell lines using stepwise 
increases the MTX concentration in the culture 
medium (without hypoxanthine and thymidine), 
resulting in amplified copies of the transfected 
DHFR genes together with the gene of interest, 
thus increasing the protein productivity levels 
(Lalonde and Durocher 2017; Clark and 
Pazdernik 2016; Bandaranayake and Almo 2014; 
Wurm 2013). Similarly, the GS amplification 
system, originally developed by Celltech (Lonza 
Biologics), has been successfully used with 
GS-negative NS0 and Sp2/0 cells, as well as with 
GS-expressing CHO cells. The CHO cells, con-
taining an endogenous GS gene, need to be 
treated with MSX plus the removal of glutamine 
in the culture media to inhibit the endogenous GS 
activity, achieving enough selection pressure. In 
addition, a CHO GS knock out cell line has been 
developed, thus increasing the stringency of this 
amplification method. Other selection systems 
have been developed, such as the OSCAR™ 
system from the University of Edinburgh, that 
uses minigene vectors encoding the HPRT, 
essential for purine synthesis. However, in the 
industry, only the DHFR and the GS systems 

have been used for high-scale production 
(Lalonde and Durocher 2017).

Copy number of the TG as well as the integra-
tion site(s) within the host cell genome are some 
of the key factors to be considered. Recently, sev-
eral tools have been developed for targeted site 
gene integration. As integration into a host chro-
mosome is mainly a random event, usually the 
TG of interest is not expressed, as only a small 
percentage of the cell’s genome (~0.1%) is 
actively transcripted. Thus, finding, identifying 
and targeting the TG of interest into transcrip-
tionally active genome sites represents one of the 
main challenge to guarantee high-producing cell 
lines. In the biopharmaceutical industry, the 
RMCE strategy is one of the technologies cur-
rently used. Briefly, this tool involves two steps. 
First, the development of a master cell line that 
contains a single copy of a reporter gene at an 
active and stable genome region (hotspot), 
flanked by two heterospecific integration target 
sequences, such as FRT or loxP (locus of cross-
over in phage P1) sites, for the Cre system. These 
site-specific recombination systems are common 
in bacteria and lower eukaryotes and act in a 
reversible manner comprising the different 
recombinase alternatives (integration, excision/
resolution and inversion) depending on the two 
recombinase target sites (Turan et  al. 2013). 
Second, flanked by matching heterospecific 
recombinase target sites, the TG of interest can 
be introduced into this cell line in the presence of 
the appropriate recombinase (Flp or Cre), leading 
to the exchange of the reporter gene with the TG 
of interest. The main advantage of this system is 
that the recombinant cell lines have a single 
transgene copy at a hotspot genome region. 
However, despite this system promises to improve 
the cell line generation process, speed and effi-
ciency, the actual improvement reported up to 
know in protein yields has only been moderate 
(Hacker and Balasubramanian 2016; 
Bandaranayake and Almo 2014; Wirth et  al. 
2007). In addition, as the first RMCE step implies 
the development of a cell line or clone containing 
a unique integration site within the host genome, 
multiple screening rounds must be done which 
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are comparable to or even more than those needed 
for the classical random integration protocols.

Other genome engineering methods have been 
employed, based on programmable nucleases, 
such as ZFNs and TALENs. These nucleases 
induce DNA double-strand breaks at a specific 
location into the host genome, facilitating the 
integration of the cassette by NHEJ or HDR. Both 
ZFN and TALENs technologies require the 
synthesis of a DNA-binding domain that 
recognize a particular sequence (the targeted 
sequence for cleavage) combined to a nuclease 
effector domain (typically FokI). These nucleases 
are thus dependent on the ability of developing a 
good DNA recognition motif, with high 
specificity and affinity. Taken together, ZFNs and 
TALENs are robust genome engineering systems, 
but have some drawbacks such as limited 
multiplex genome targeting (Lalonde and 
Durocher 2017; Moreno and Mali 2017).

An alternative to these genome-editing nucle-
ases is the recently developed CRISPR/Cas9 
technology. In bacteria, the CRISPR system pro-
vides acquired immunity against foreign DNA 
via RNA-guided DNA cleavage. Three types of 
CRISPR/Cas systems exist, being the most 
widely used the type II using the SpCas9. 
Engineered CRISPR system contains two 
components: a gRNA and a CRISPR-associated 
endonuclease (Cas9). The gRNA is a short 
synthetic RNA comprising two functional 
regions: a variable spacer region which guides 
target loci recognition (crRNA), and a constant 
scaffold region which forms hairpin loops 
facilitating the binding to the Cas9 (trcRNA). In 
general, the variable spacer region is a short 
~20  bp sequence, complementary to the target 
loci, and must be flanked at the 3′ end by a 
conserved PAM sequence, for instance, the NGG 
in SpCas9. The PAM sequence is necessary for 
CRISPR-Cas targeting (Moreno and Mali 2017; 
Gupta and Shukla 2017; Merkle et al. 2015; Gaj 
et  al. 2013).This technique has already been 
validated in CHO cells and reduces the production 
variability between clones (Ronda et al. 2014).

However, ZFN, TALENs and CRISPR/Cas9 
technologies are mostly used for gene-specific 
knockout. The ZFN knockout approach was 

particularly successful for specific deletion of the 
GS and the DHFR genes in CHO cells, thus 
improving the selection stringency of the 
generated cell lines. These tools could be very 
useful for site-specific integration, yet one of the 
key challenges is to identify good hotspots in the 
host genome. In addition, regarding CRISPR/Cas 
technology, Cas9 nuclease has been reported to 
cut at imperfectly matched sequences elsewhere 
in the genome causing off-target insertions and 
deletions via the NHEJ process. Moreover, such 
specific integration may not be adequate in all the 
approaches as some therapeutic proteins may 
require a particular level of expression to fold 
properly or to acquire adequate quality attributes 
(e.g. glycosylation, proteolytic processing, etc.) 
(Lalonde and Durocher 2017; Merkle et al. 2015).

The influence of all proximal and remote cis- 
acting chromosomal elements which modulate 
binding of transcription factors and thereby, the 
position-effect can be controlled by using cis- 
acting epigenetic regulatory elements (Spencer 
et al. 2015). These epigenetic regulatory elements 
are DNA sequences that can modulate the 
genome chromatin landscape and are essential 
for the proper gene expression regulation. Indeed, 
these elements are useful tools to overcome the 
position-effect and the associated loss in protein 
yield. One of the most well-known epigenetic 
elements are the S/MARs and UCOEs. The S/
MARs are DNA sequences serving as attachment 
points to the nuclear matrix, maintaining a 
transcriptionally active chromatin structure. Also, 
these sequences enhance DNA demethylation, 
making genes more transcriptional active. 
However, in general S/MAR’s activity depends 
on the type of sequence and vector configuration. 
UCOEs (Merck Millipore) are methylation-free 
CpG-rich sequences maintaining chromatin in an 
open conformation. They can also prevent DNA 
methylation of the CMV constitutive promoter 
sequence, that is usually susceptible to gene 
silencing in many cell lines including CHO cells 
(Lalonde and Durocher 2017; Hacker and 
Balasubramanian 2016; Bandaranayake and 
Almo 2014; Harraghy et al. 2015).

Another point to be considered is the gene 
delivery system. The classic calcium phosphate 
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coprecipitation method as well as PEI, a cationic 
polymer, are useful plasmid DNA-transfection 
systems. These reagents are economical, efficient, 
applicable at large scale and present a high gene 
transfer efficiency (Corchero et  al. 2011). Other 
routinely used non-viral gene transfer methods are 
electroporation, biolistic and those which use 
cation liposomes, such as lipofectamine 
(Invitrogen). Another genetic tool that can be used 
to introduce a foreign DNA into a cell host genome 
are the transposons. Transposons were discovered 
in maize and later found in all the genomes but 
most of them proved to be non- functional. These 
elements are DNA sequences able to move within 
the genome (class II transposons). Several 
naturally-occurring transposons, including Piggy-
Bac, Sleeping Beauty, the Tc1/mariner element 
Mos1, and the medaka fish Tol2 element, have 
been genetically modified to properly adapt in 
mammalian cells. The essential components of 
these class II transposons are the transposase gene 
as well as the two terminal repeats that form the 
extremities of the transposon. The latter are 
specifically recognized by the transposase 
directing the cleavage and ligation reactions 
necessary for the transposon movement, from one 
DNA sequence to another. When used as gene 
delivery vehicles in mammalian cells, the 
transposons are usually employed as dual vector 
systems: a helper vector bearing the transposase 
gene under the control of a strong constitutive 
promoter and a donor vector carrying the terminal 
repeats flanking one or more TG of interest and a 
selection marker along with their respective 
promoters. The transposases improved the 
mammalian cells use, enhance transposition in or 
near actively transcribed genes, thus increasing 
the productivity levels and the gene stability 
(Hacker and Balasubramanian 2016). Finally, 
another widespread used delivery system is the 
viral vector system. Viral vectors have naturally 
evolved to transduce mammalian cells efficiently, 
and, consequently, they have become one of the 
preferred gene delivery tool. They are more 
efficient than non-viral strategies and can be 
broadly classified into two major classes, those 
which integrate into the host chromatin, such as 
retroviruses and lentiviruses, and those that persist 

episomally in the host cell, such as alphavirus or 
adenoviruses. The alphaviruses and adenoviruses 
are the most commonly used systems for transient 
protein production whereas the lentiviruses are the 
most common tools for generating stable protein 
expression.

In the next section, we will focus on the LVs 
as gene delivery method to generate stable cell 
lines in manufacturing of recombinant proteins. 
They are an excellent tool enabling the 
transduction of a broad range of cell types and, as 
transposons, LVs tend to integrate in actively 
transcribed regions.

2.2.2  Lentivirus Transgenesis 
Versus Other Transgenesis 
Methods in Animal Cell 
Culture

Lentivirus are members of the viral Retroviridae 
(retroviruses) family, which includes HIV-1, 
HIV-2, simian immunodeficiency virus and feline 
immunodeficiency virus. They are characterized 
by the use of their viral RT and IN for stable 
insertion of viral genomic sequence into the host 
genome. Unlike other retrovirus, lentivirus can 
replicate in non-dividing cells causing slowly 
progressive disease, such as immunodeficiency, 
anemia and encephalitis in their specific hostage 
(Sakuma et al. 2012).

LVs are replication-defective derivatives of 
retroviruses that can be used for gene delivery via 
a process called transduction. Currently, those 
derived from HIV type 1 are the most used 
vectors. The evolving LVs backbone and the 
virus ability to deliver recombinant DNA 
sequences into the host genome have turned them 
into a useful tool, being clinical gene therapy and 
recombinant protein production the main 
applications (Picanço-Castro et al. 2012).

Because of the HIV-1 human pathogenesis, dif-
ferent generations of LV vector systems have been 
developed, of which the third-generation is the 
most widely used. It is a four-plasmid system, 
consisting of three helper plasmids and one 
transfer plasmid vector containing the TG of 
interest. The native HIV envelope glycoprotein 
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has been replaced by the VSV-G-protein (Merten 
et  al. 2016; Sakuma et  al. 2012). These 
 VSV-G- pseudotyped retroviral vectors have two 
primary advantages over unmodified vectors. 
First, VSV-G is more stable than retroviral or 
lentiviral envelopes, allowing pseudotyped viruses 
to be concentrated by ultracentrifugation obtaining 
higher titers. Second, it is known that VSV-G 
binds the ubiquitous membrane component 
phosphatidyl serine, allowing these vectors to 
transduce a markedly wider set of cells.

In addition, to increase safety, in third- 
generation LVs systems, different lentivirus 
elements have been omitted or replaced; for 
instance, the LTR elements have been replaced 
by heterologous promoters and polyadenylation 
sequences. Thus, the Tat dependent U3 sequence 
localized in the 5′-LTR LV sequence has been 
removed and replaced by strong constitutive 
promoters like CMV. Also, SIN-LV vectors have 
been developed by introducing a deletion into the 
U3 element of the 3′-LTR.  Furthermore, as the 
optimal vector production needs the interaction 
between Rev. and RRE facilitating the nuclear 
export of both gag-pol and transfer vector mRNA, 
two considerations must be taken into account. 
First, the Rev sequence was provided from a 
separate plasmid. Second, the virus RRE elements 
have been replaced by heterologous sequences 
(Merten et al. 2016; Sakuma et al. 2012).

To improve the transfer vector sequence some 
cis-acting motifs have been incorporated. For 
instance, the LV cPPT increased the percentage 
of transduce cells. In addition, some post- 
transcriptional elements have demonstrated the 
improvement in TG expression such as the 
WPRE.

Thus, the four plasmids used to generate third- 
generation vectors are: (i) a packaging construct 
containing only gag and pol (reverse 
transcriptase) genes, which are responsible for 
coding the core viral proteins and the enzymes 
involved in viral replication, respectively; (ii) a 
plasmid expressing Rev; (iii) the VSV-G plasmid; 
and (iv) a transgene plasmid. This vector system 
has only three of the nine genes of HIV, increasing 
its biosafety. Since the vector elements are split 
into four plasmids, at least three recombination 

events are required to generate a replication-
competent HIV-1-like virus (Merten et al. 2016; 
Sakuma et al. 2012; Plewa 2010).

Most of the current LVs vector production 
methods comprise a first step involving 
cotransfection of HEK293T or HEK293 cells 
(Fig.  2.1). As we have mentioned before, the 
HEK293T are widely preferred as they enable a 
more efficient vector production. Thereafter, the 
LVs are budded off into the cell-conditioned 
medium from which they can be collected and 
concentrated or purified in additional steps. 
Finally, those LVs are used to transduce a target 
cell line that will express the recombinant protein 
of interest (Fig. 2.1).

At small scale, LVs production is performed 
using adherent cells growing in Petri dishes. At 
optimal confluence, cells are transfected using 
the classical calcium-phosphate coprecipitation 
protocol or cationic lipids, such as PEI or 
lipofectamine. Since attachment of HEK293T 
cells to the surface is not very strong, vector 
production is more difficult to perform in roller 
flasks, and transfection conditions in these 
devices must be optimized. Larger scale 
production implies an increase in the culture 
surface, working with parallel cultures. On the 
contrary, performing the cotransfection step in 
suspension conditions is easier to scale-up. 
However, the calcium- phosphate coprecipitation 
method is less effective to transfect suspension 
cells, so other transfection systems like cationic 
polymers are used more often. Afterwards, either 
in adherent or suspension production, culture 
supernatants containing LVs should be first 
clarified by  centrifugation and then subjected to 
an ultracentrifu gation step at about 70,000  g 
(Merten et  al. 2016; Gaillet et  al. 2010; Plewa 
2010). These purification steps contribute to 
eliminate all cell-derived elements, retaining the 
vector potency (Picanço- Castro et al. 2012).

Before LVs infection of target cells, titration 
of produced LVs is critical to evaluate 
transduction efficiency. Various methods have 
been developed, such as those involving the 
quantification of viral components in culture 
supernatants (physical particle numbers, p24 
capsid protein concentration, RT activity or 
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genome copy numbers). The main drawback of 
these  methodologies is the equal detection of 
infective and non-infective vectors. Other 
strategy comprises the detection of proviral copy 
numbers in infected cells by qPCR, although it 

not always correlates with the expression level 
achieved in the target cells. Finally, to determine 
the percentage of transduced cells by transgene 
expression is the most reliable method to evaluate 
LVs titers. However, this last method not always 

Fig. 2.1 The LVs 
production and cell 
transfection. The first 
step comprises the 
cotransfection of 
HEK293T cell with the 
four plasmid system 
using lipofectamine: (i) 
a packaging construct 
containing only gag and 
pol genes (pMDL); (ii) a 
plasmid expressing Rev. 
(pREV); (iii) the VSV-G 
plasmid (p-VSV-G); and 
(iv) a transgene plasmid 
(TG). After 48 h of the 
cotransfection event, the 
cell culture supernatant 
contains recombinant 
LVs that can be used to 
transduce the target cells 
(CHO-K1). Thereafter, 
the CHO-K1 cells 
overexpress the protein 
of interest
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can be applied because a reliable marker gene, as 
green  fluorescent protein, is necessary. Both in 
suspension and adherent cultures, LVs titers 
achieved in culture supernatants are in the range 
of 106–108 TU.mL−1 (Merten et al. 2016; Sakuma 
et al. 2012).

Lentivirus vectors have been applied to the 
generation of highly productive CHO, BHK, and 
HEK293 cell lines using either inducible or 
constitutive promoters (Rodríguez et  al. 2017; 
Shestopal et al. 2017; Mao et al. 2015; Mufarrege 
et al. 2014; Baranyi et al. 2010; Johnston et al. 
2012; Prieto et  al. 2011; Spencer et  al. 2011; 
Gaillet et  al. 2010; Oberbek et  al. 2011; Plewa 
2010). Besides, LVs can be used to express 
recombinant proteins in primary cultures, as 
hematopoietic stem cells (Cappellino et al. 2017), 
neurons or T-lymphocytes (Moreno and Mali 
2017; Gaillet et al. 2010).

In comparison with non-viral delivery meth-
ods, viral vectors improve the gene transfer, 
because the viruses from which they derived have 
specific entry mechanisms into the infect cells. 
Still better, LVs convert their RNA genomes into 
DNA and integrate permanently into the host 
cells genome. Thus, this stable genetic 
modification allows the generation of stable cell 
lines for recombinant protein production in 
shorter timelines. Moreover, they integrate into 
areas of open chromatin, which are sites of active 
transcription (Baranyi et al. 2010; Spencer et al. 
2011; Oberbek et al. 2011). In addition, LVs have 
the capacity to integrate their TG into the nuclear 
DNA of dividing or non-dividing cells. This is 
possible because LVs complex can be transported 
into the nucleus in an ATP-dependent manner. 
Hence, LVs have advantages over other gene 
delivery systems because they can efficiently 
transduce dividing and non-dividing cells 
(Baranyi et al. 2010; Picanço-Castro et al. 2012; 
Plewa 2010). Besides, the copy number of the 
integrated viral vector can be controlled by 
varying the MOI. To achieve a high copy number, 
host cells are transduced at a high MOI so that the 
expression starts out at relatively high levels 
(Baranyi et al. 2010). Moreover, multiple rounds 
of serial transduction can be done to increase 

protein production levels (Rodríguez et al. 2017; 
Spencer et al. 2011). Taking all this together, LVs 
have distinguish characteristics in comparison 
with classical methods employing plasmid 
vectors, which are suboptimal, random and single 
site integration (Spencer et al. 2011).

Transient transfection followed by drug selec-
tion has been the traditional method for DNA 
delivery and integration to obtain producer cell 
lines. While successful, this is often a prolonged 
(4–6  months) process. In addition, there is no 
guarantee that the recombinant cell line will 
maintain a high expression level through many 
cell generations without selection (Bandaranayake 
and Almo 2014; Gaillet et al. 2010). Besides, as 
we have previously mentioned, TGE of HEK293 
and CHO cells have been also applied to produce 
recombinant proteins and it is currently utilized 
like the main method for the fast synthesis of pro-
teins. This method is very efficient with HEK293, 
but in CHO cells, the yields are generally much 
lower due to the difficulty to transfect these cells 
(generally under 40%) (Gaillet et al. 2010). On 
the contrary, LVs platform eliminates the need 
for using drugs such as MTX or MSX and, as this 
procedure allows starting with a highly express-
ing pool, it may reduce the number of clones that 
need to be screened. Furthermore, it is known 
that the ability to adapt host cells to grow in sus-
pension is highly desirable, as it allows volumet-
ric scalability and permits the use of protein- and 
serum-free media. Using third-generation LVs as 
an expression platform gives the possibility to 
perform cell transduction directly in suspension 
conditions. Finally, the LVs system allows the 
generation of stable cell lines in a short period of 
time, in no more than 4  weeks (Spencer et  al. 
2011).

One of the drawbacks of the LVs system is the 
modest packaging size of the lentivirus capsid, 
which may limit the maximum size of the 
recombinant protein being expressed. However, 
several reports have demonstrated the use of LVs 
in manufacturing cell lines allowing the insertion 
of cDNA sequence around 6 kilobases in length, 
such as the coding FVIII sequence (Shestopal 
et al. 2017; Johnston et al. 2012; Spencer et al. 
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2011). Another issue to be considered is that LVs 
derived from HIV-1 should be manipulated in a 
biosafety level two containment.

Since LVs have been used in human gene ther-
apy and clinical trials, safety testing assays and 
procedures have been developed. Moreover, LVs 
assembly processes involved in good manufacture 
practices which could be easily adapted in 
manufacturing cell lines for protein therapeutics. 
In the next section, we will explain the main 
aspects concerning the safety of this method.

2.2.3  Quality Control 
in Manufacturing Cell Lines 
Using LVs as Transgenesis 
System

There are safety concerns that LVs might be con-
taminated with replicating virus or viral proteins 
that could be pathogenic as they derive from 
HIV-1. A replicating virus could theoretically 
arise because of recombination events between 
the vector genome containing cis-acting viral 
sequence elements and the genes encoding the 
viral proteins during the packaging process. In 
addition, the possibility of recombination 
between packaging plasmids and human endog-
enous retroviral sequences must also be consid-
ered (Cornetta et al. 2011). Despite this drawback, 
LVs are also in development for human gene 
therapy and have been used in the treatment of 
hereditary disorders, for instance, Wiskott- 
Aldrich syndrome and severe combined immu-
nodeficiency disorders (Skrdlant et  al. 2017). 
During 2017 the FDA approved the first gene 
therapy using LVs, CD19 CAR T cells for the 
therapy of relapsed leukemia (CTL019, Novartis) 
(Cornetta et al. 2017; Plewa 2010).

Some aspects must be considered if LVs are 
used to engineer production cell lines. It is well 
known that standard manufacturing cell lines 
protocols avoid the use of animal-derived products 
as much as possible. However, in those systems in 
which adherent HEK293 packaging cells are 
used, further tests must be applied to assess an 
animal free pathogen in the manufacturing 
process (Merten et al. 2016; Plewa 2010).

Importantly, the assays that have been devel-
oped for the detection of RCL in human gene 
therapy using LVs could be easily adapted to 
biopharmaceutical manufacturing processes. The 
HIV-1 genes and recombination products could be 
detected using qPCR assay. Viral proteins 
detection could be done by ELISA, western blot or 
PERT assay. However, the most critical test is the 
detection of RCL. In the USA, a LVs lot must be 
screened for RCL. The FDA requires a percentage 
of the cell product be screened for RCL, that is 
equivalent to 1 × 108 cells (Cornetta et  al. 2017). 
Basically, in this test, viral vector particles or 
transduced cells are exposed to a human T cell line 
C8166-45, that is very permissive for HIV 
replication, in an extended period (3  weeks 
approximately). Thus, the transduced cells and 
replicative virus that might be present are amplified 
several times. Following multiple passages (a 
minimum of five), an indicator line is infected and 
one of the previously mentioned quantification 
methods is applied. However, this technique has 
some limitations. The identification of a positive 
control virus that represents the probable 
characteristics of an RCL is difficult to develop 
because of the LVs safety features. Currently, an 
attenuated HIV strain pseudotyped with the VSV- 
G, R8.71, is the best approximation of RCL (Plewa 
2010; Escarpe et al. 2003). The detection is also 
complicated because many components of RCL 
will be similar to those of a vector particle (capsid, 
IN and RT). Moreover, if LVs are generated using 
transient transfection methods, those present in the 
supernatants will be contaminated with the 
packaging plasmid DNA that contains the same 
viral sequences likely to be present in RCL 
(Cornetta et al. 2017; Cornetta et al. 2011; Sastry 
et al. 2003). Another issue regarding measurement 
of HIV proteins and RCL is the LOD. For instance, 
the LOD of the p24 ELISA that detects the p24-
gag protein is 3 pg.mL−1 (or about 3.6 × 104 viral 
particles.mL−1) or the LOD of a qPCR assay 
detecting the VSV-G is around ten copies. 
However, a negative result cannot be an absolute 
conclusion that a sample lacks viral protein or 
particles because there are levels that might not be 
detectable. What is more, the potential growth rate 
of RCL could be attenuated when compared with 
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that of the wild-type lentivirus due to the absence 
of accessory genes. Therefore, the biologic assay 
must be done during a  prolonged period to amplify 
any slow-growing virus (Cornetta et  al. 2017). 
One of the last RCL assays that has been developed 
recently demonstrated redundancy, using two 
orthogonal detection methods (psi-gag PCR and 
PERT), to minimize false-positive or false-
negative results due to technical mistakes (Cornetta 
et al. 2017).

Despite its limitations, RCL assay is quite 
robust and should be sufficient for testing during 
manufacturing process. In addition, until now, no 
RCL particle has been detected (Cornetta et  al. 
2017). The ability to split the vector components 
into four plasmids, the use of SIN LTRs and the 
retention of Rev. dependence, all contribute to the 
safety profile of LVs. The HIV-1 virus also 
depends on several accessory genes and regulatory 
sequences that are deleted in LVs system, limiting 
the potential growth of any RCL. Furthermore, 
LVs are generally produced by transient 
transfection, reducing the time for feasible 
recombination events (Cornetta et al. 2017).

2.2.4  Production of Therapeutic 
Enzymes for Lysosomal ERT

Lysosomes are catabolic organelles containing 
more than 60 hydrolytic enzymes that break 
down and recycle a range of complex substrates 
(Oh 2015; Parenti et al. 2015). They are acidic, 
membrane-bound cytoplasmatic organelles 
ubiquitously located through all the body cells, 
occupying approximately five percentage of the 
intracellular volume. In addition, lysosomes 
are involved with numerous cellular homeostatic 
processes, not only in catabolic ones but also in 
other cellular functions such as sensing, 
signaling, vesicle trafficking and cellular 
growth (Solomon and Muro 2017; Parenti et al. 
2015). Substrates are transported to lysosomes 
through different routes. Specialized endocytic 
mechanisms (phagocytosis, micropinocytosis, 
clathrin-mediated endocytosis, caveolin- 
mediated endocytosis and clathrin- or caveolin- 
independent endocytosis) are preferentially 

exploited according to the cargo nature. 
Intracellular materials are mainly transported 
to the lysosomes through autophagy (Parenti 
et al. 2015).

Lysosomal enzymes maturation involves a 
series of common process within ER and the 
Golgi apparatus. Firstly, the nascent peptide is 
directed to the ER guided by its signal peptide in 
which the protein undergoes two mainly 
modifications, (i) the N-glycosylation of specific 
asparagines in the consensus motif (N-X-S/T, 
where X is any amino acid except proline), 
consisting in the transfer of an oligosaccharide 
formed by two glucoses, nine mannoses and two 
N-acetylgalactosamine residues; (ii) the Cys-to- 
Formylglycine conversion for sulfatases. In the 
case of the N-glycosylation, three glucoses and 
one mannose residues are removed before the 
lysosomal enzymes leave the ER (Espejo-Mojica 
et al. 2015). Thereafter, they move to the Golgi 
apparatus where high-mannose type glycans of 
lysosomal enzymes are modified, undergoing 
further modifications that produce M6P in a two- 
step reaction. Firstly, in the cis-Golgi complex, 
the enzyme GlcNAc-1-phosphotransferase 
recognizes lysosomal enzymes and then transfers 
GlcNAc-1-phosphate from UDP-GlcNAc to the 
six-carbon hydroxyl groups of the GlcNAc-1- 
phosphate-6-O-mannose group. Secondly, in the 
trans-Golgi complex, the GlcNAc-1- 
phosphodiester α-N-acetylglucosaminidase 
removes the outer GlcNAc and leaves a phosphate 
group linked to the M6P glycan (Espejo- Mojica 
et  al. 2015; Oh 2015; Braulke and Bonifacino 
2009). Thereafter, the lysosomal enzymes leave 
Golgi in clathrin-coated vesicles fused to the 
early endosome, where, due to lysosome’s acidic 
pH, the enzymes are released from the M6PR. The 
released enzymes go through a proteolytic 
process that occurs mainly at the N-terminus. 
Most of the mature enzymes are targeted to the 
lysosome, but between 2% and 20% are secreted 
and they can be recaptured by M6PR located in 
the cell plasmatic membrane, representing the 
bases of the ERT, gene and cellular therapies 
(Espejo-Mojica et al. 2015).

As lysosomes are ubiquitous organelles 
involved in numerous homeostatic processes, any 
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alteration can modify the normal cell functioning 
in several organs, leading to multi-systemic 
 diseases. Lysosomal dysfunctions have been 
described for several neurodegenerative diseases 
such as Alzheimer’s, Parkinson’s and 
Huntington’s disease, yet the most studied class 
of diseases are the LSDs, directly caused by 
abnormal lysosomal function (Solomon and 
Muro 2017).

For each LSD, single or multiple gene muta-
tions have been identified in the causing of the 
disease. Many of the mutations involve a single 
base pair change altering one amino acid in the 
encoded protein. They reduce either the enzyme 
biological activity or impair translocation to the 
lysosome, causing premature protein degrada-
tion. The LSDs genetic causes are known, but in 
most cases because of their complexity, they are 
confused with other conditions having the same 
clinical symptoms (Solomon and Muro 2017; Xu 
et al. 2016).

The clinical consequences of substrate storage 
in multiple organs and systems imply visceral, 
ocular, hematological, skeletal, and neurological 
manifestations. Symptoms may occur at different 
times in life, in some cases starting in utero, during 
the newborn period, or becoming evident in late 
adulthood. In general, LSDs are chronic and 
progressive, and often responsible for physical 
and neurological disabilities, affecting patients’ 
health and life expectancy (Parenti et al. 2015).

Current approved treatments for LSDs are 
mainly based on the replacement of the mutated 
protein with natural or recombinant protein to 
restore its wild-type function, employing the 
interaction between M6P and M6PR presented in 
the plasmatic membrane. To date, there have 
been successful drug approvals for the LSDs. As 
the Orphan Drug Act stimulates investment into 
therapeutic development for rare diseases through 
financial incentives, 17 drugs for LSDs received 
FDA approval between 1983 and 2015, but only 
covering eight different LSDs: Gaucher disease, 
MPS I (Hurler disease), MPS II (Hunter 
syndrome), MPS IVA (Morquio A syndrome), 
MPS VI, Pompe disease, lysosomal acid lipase 
deficiency and Fabry disease. Meanwhile, in the 
European Union, 15 products for LSDs were 

authorized for treatments between 1995 and 
2015, most of them being the same products 
approved by the FDA (Xu et al. 2016).

Initially, the deficient enzymes were purified 
from human tissues, but nowadays they are 
produced by recombinant DNA technology. 
Mammal-derived cells have been traditionally 
used as platforms to produce lysosomal enzymes 
(Solomon and Muro 2017). The CHO cells are 
the most widely used system to produce ERT 
recombinant enzymes. Other mammalian-based 
systems include the HT-1080 cells.

In 1991 the FDA approved the first ERT drug 
(Ceredase®, alglucerase, Genzyme), the placental- 
derived macrophage-targeted glucocerebrosidase, 
for patients with Gaucher disease type 1. ERT 
helps the body break down glucocerebroside, 
which accumulates in patient’s monocytes- 
macrophages system due to the lack of 
β-glucocerebrosidase (GBA, E.C. 3.2.1.45). 
Gaucher disease is classified into three types, 
according to the presence of neurological 
deterioration, age of appearance and disease 
progression (Bennett and Mohan 2013). 
Management of ERT type I disease (OMIM 
230800), with no neuronal involvement, has been 
effective, but it has not been that effective for the 
treatment of type II (OMIM 230900) and III 
(OMIM 231000) diseases, that have neuronal 
implications (Xu et  al. 2016). Imiglucerase 
(Cerezyme, Genzyme), an analog of 
glucocerebrosidase produced by DNA technology 
using CHO cells, was approved by the FDA in 
1994 replacing alglucerase. In 2010, Velaglucerase 
alfa (VPRIV, Shire Human Genetics Therapies 
Inc.), an analog of recombinant glucocerebrosidase 
produced in human HT-1080 cells, became the 
third ERT approved by the FDA.  Velaglucerase 
alfa was manipulated to contain N-glycans with 
terminal mannose residues by kifunensine 
treatment of the culture medium, obtaining high 
mannose-type glycans (Oh 2015). In May 2012, 
the FDA approved Taliglucerase alfa (ELELYSO, 
Pfizer Inc., or, outside the USA, Protalix 
BioTherapeutics), which is produced by 
genetically modified carrot cells. A comparison 
study of the three enzymes showed similar results 
in in vitro enzyme activity, ex vivo cellular uptake, 
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and in vivo tissue distribution assays. However, in 
another study using monocytes isolated from a 
Gaucher patient, Taliglucerase alfa had a lower 
uptake efficiency than the others. The prolonged 
use of Taliglucerase alfa containing the plant-
specific glycan structures (β-(1,2)-xylose and core 
α-(1,3)-fucose) may induce an immune reaction. 
In addition, Velaglucerase alfa has a concern 
related to its longer mannose chains, which was 
shown to bind, in serum, more efficiently to an 
undesirable mannose binding lectin (Oh 2015). As 
a second alternative to these therapies, a substrate- 
reducing agent, a small molecule that reduce the 
accumulation of substrates by inhibiting their 
biosynthesis, miglustat (Actelion 
Pharmaceuticals), has been approved for clinical 
use to treat type 1 Gaucher disease and Niemann–
Pick disease type C, another LSD. A novel 
substrate inhibitor, eliglustat tartrate (Cerdelga™, 
Genzyme Corp.), has been introduced recently 
and evaluated in a phase II clinical trial for treating 
Gaucher disease, and Ibiglustat (GZ/SAR402671) 
is in clinical trials not only for Gaucher, but also 
for Fabry and Parkinson’s diseases (Solomon and 
Muro 2017; Parenti et al. 2015).

Hurler syndrome (MPS type I, OMIM 607014) 
is an autosomal recessive disease caused by 
mutations in the gene encoding α-L-iduronidase 
(E.C. 3.2.1.76). It presents three clinical subtypes: 
Hurler syndrome, Hurler-Scheie syndrome and 
Scheie syndrome, being Hurler syndrome the 
most severe and Scheie syndrome the least one 
(Jameson et al. 2013). Laronidase (Aldurazyme™, 
manufactured by BioMarin and commercialized 
by Genzyme Corp), produced in CHO cells, has 
been approved by the FDA and EMA in 2003 and 
is administrated as intravenous infusions of 
0.58 mg.kg−1 per week.

Hunter syndrome (MPS II, OMIM 309900) is 
an X-linked lysosomal storage disease produced 
by the deficiency of iduronate-2-sulfatase (E.C. 
3.1.6.13), leading a lysosomal accumulation of 
heparan sulfate and dermatan sulfate, leading to 
serious complications such as developmental 
delays and mental impairment. Currently, two 
recombinant enzymes are available for the 
treatment of Hunter disease: idursulfase 
(Elaprase®, Shire Human Genetic Therapies), 

approved by both FDA and EMA, and idursulfase-
beta (Hunterase®, Green Cross Corp., Yongin, 
Korea) approved by the Korea Food and Drug 
Administration (KFDA) in 2012 (Sestito et  al. 
2015; Chung et al. 2014; Sohn et al. 2013a, b). 
Elaprase® is produced in the HT-1080 cells, 
whereas Hunterase® in CHO cells. A biochemical 
comparison of both commercial enzymes showed 
that idursulfase beta exhibited significantly 
higher specific enzyme activity than idursulfase 
because of the higher formylglycine content 
(Chung et al. 2014).

Mucopolysaccharidosis IVA (MPS IVA; 
Morquio A syndrome, OMIM 253000) is an 
autosomal recessive LSD caused by deficiency of 
GALNS (E.C. 3.1.6.4). Absence of this enzyme 
leads to a progressive accumulation of the 
glycosaminoglycans: C6S and KS and subsequent 
cellular pathology, especially in connective 
tissues rich in KS, like cartilage, cornea and heart 
valve (Tomatsu et al. 2015; Dvorak-Ewell et al. 
2010). Recombinant enzyme GALNS for ERT 
has been produced in CHO cells (Elosulfasealfa, 
Vimzim®; BioMarin Europe Ltd). This drug has 
achieved both FDA and EMA approval during 
2014 and is administered as a 2 mg.kg−1 infusion 
per week.

Mucopolysaccharidosis type VI (MPS VI, 
Maroteaux-Lamy syndrome, OMIM 253200) is 
another LSD caused by functional absence of the 
enzyme N-acetylgalactosamine 4-sulfatase 
(arylsulfatase B; E.C. 3.1.6.12). Deficiency of 
this enzyme results in the accumulation of 
dermatan- sulfated glycosaminoglycans within 
lysosomes of various organs. The progressive 
accumulation of these compounds results in 
multi-organ system dysfunction such as joint 
contractures, short stature, dysostosis multiplex, 
decreased pulmonary function, cardiac 
abnormalities and, ultimately, shortened life 
span. Galsuflase (Naglazyme™, BioMarin), 
produced in CHO cells, received the marketing 
authorization from the FDA in 2005, and in 
January 2006, from EMA (Solomon and Muro 
2017; Braunlin et al. 2013).

Pompe disease (OMIM 232300) is another 
LSD caused by a deficiency in lysosomal acid 
α-glucosidase (GAA, E.C. 3.2.1.20) involved in 
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the breakdown of glycogen. The disease presents 
two classical phenotypes, infantile and late-onset 
forms. Individuals with the infantile form have 
severe cardio-respiratory disease and hypotonia 
and frequently die at 1 year of age. The late-onset 
form is characterized by a variable progression 
and clinical manifestations, including elevation in 
creatine kinase, muscle weakness, and acute 
respiratory alterations. Before 2006, therapy for 
Pompe disease was only palliative (Oh 2015; 
Vernon 2015). For this disease, two ERT products 
have been approved: (i) recombinant α-glucosidase 
(Myozyme™, Genzyme Corp) produced in CHO 
cells in a 160  l bioreactor has been approved in 
Europe, USA, Canada and Japan in 2006 for the 
treatment of infantile-onset disease; (ii) the same 
enzyme, produced at a larger scale in a 4000  l 
bioreactor (Lumizyme™), has been approved for 
the treatment of the late- onset disease in 2010. In 
addition, during 2014, Lumizyme™ was approved 
for the treatment for the child-onset disease 
(Solomon and Muro 2017).

Lysosomal acid lipase (LAL, E.C. 3.1.1.13) 
deficiency (OMIM 278000) is an autosomal 
recessive and progressive metabolic liver disease 
caused by mutations in the LAL gene. This enzyme 
is responsible for hydrolysing cholesteryl esters 
and triglycerides within low-density lipoprotein 
cholesterol particles into free cholesterol and free 
fatty acids leading to their accumulation in the 
liver, blood vessel walls and other organs. The 
LAL deficiency has two distinct phenotypes: (i) 
early onset, resulting of an absent (or nearly almost 
absent) LAL activity affecting the infants; and (ii) 
late-onset, which is the result of a partial loss of 
the enzyme activity, presented in children and 
adults (Frampton 2016). The recombinant form 
of LAL (Sebelipase α, Kanuma®, Alexion 
Pharmaceuticals) has been produced in transgenic 
hen eggs and approved by EMA and FDA for the 
treatment of both LAL deficiency variants during 
2015 (Solomon and Muro 2017).

Fabry disease (OMIM 301500) is an X-linked 
recessive gene disorder caused by α-Galactosidase 
A (αGAL, EC 3.2.1.22) deficiency, leading to a 
systemic lysosomal accumulation of neutral 
glycosphingolipids, predominantly Gb3. Currently, 
two distinct recombinant protein replacement 

drugs are used for the treatment of Fabry patients: 
agalsidase beta (Fabrazyme®, Genzyme-Sanofi), 
and agalsidase alfa (Replagal®; Shire Human 
Genetic Therapies). Different reports have shown 
that the two recombinant enzymes exhibit identical 
biochemical properties and are comparable with 
each other in terms of amino acid composition, 
specific activity, stability and uptake by cultured 
fibroblasts, with only minor differences in 
glycosylation composition and mannose-6- 
phosphate receptor-mediated cellular uptake 
(Sakuraba et al. 2006; Lee et al. 2003). Agalsidase 
alfa is produced in HT-1080 cell line and is 
administered by intravenous infusion at 0.2  mg.
kg−1 every week; whereas agalsidase beta is 
produced in CHO-K1 cells and is administered by 
intravenous infusion at a dose of 1.0 mg.kg−1. Both 
agalsidase alfa and beta have been approved during 
2001 by EMA, but only algasidase beta has been 
granted the FDA approval during 2003 (Desnick 
2004). In addition, another recombinant version, 
Pegunigalsidase alfa (PRX-102, Protalix, 
Biotherapeutics) is in advanced stage of 
development (phase III clinical trial). This 
therapeutic is produced in a plant cell-based 
protein expression system and is chemically 
modified with a homo- bifunctional PEG, resulting 
in a PEGylated variant (Kizhner et al. 2015).

Despite the different ERT alternatives devel-
oped until now, this technology has some limita-
tions, including patient immune reactions which 
reduce the clinical efficacy, low efficiency of 
lysosomal targeting and difficult delivery to the 
central nervous system. Moreover, ERT cost 
ranges from $50,000–200,000 per year per 
patient, as dosages depend on patients’ weight. 
However, small increases in enzyme activity (as 
little as 10%) may be sufficient to produce clinical 
benefits and phenotypic correction of LSDs 
(Solomon and Muro 2017; Oh 2015; Parenti et al. 
2015). In addition, several strategies have been 
continuously investigated aiming to increase 
ERT efficacy, reduce dosage, adverse effects and 
the cost of the global production process of the 
recombinant enzyme variant.

In the next section we present a case study 
showing the production of rhαGAL, for which a 
reduction of the timeline and the global process 
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cost were achieved using LVs to deliver the 
transgene of rhαGAL and drive its expression in 
CHO suspension manufacturing cell lines.

2.3  A Case Study: Production 
of Active Human 
α-Galactosidase 
A in Suspension CHO-K1 
Cells

Drugs for rare diseases are of important public 
health concern and a challenge for the medical 
community since they are often difficult to 
discover, develop and market. However, access to 
orphan drugs continues to be limited by high 
prices (Kumar Kakkar and Dahiya 2014).

Positive effects of rhαGAL enzyme replace-
ment therapy has been demonstrated on clearing 
Gb3 from plasma and target organs, reversing the 
pathogenesis of the disease. However, this 
approach presents some disadvantages related to: 
(i) limited efficacy in patients with an advanced 
stage; (ii) short enzyme’s half-life mainly due to 
the capture of the enzyme by the liver; and (iii) 
high cost of the treatment, as this disease is chronic 
and needs repeated doses throughout life (Cabrera 
et  al. 2016). Currently, different strategies have 
been applied to optimize the global production 
process of rhαGAL. A selection of best-performing 
clones is one of the major time- consuming tasks 
and it further increases the cost of development 
and production. With the proper biochemical 
characteristics described until now, the highest 
enzyme expressing clone AGA5.3, obtained by 
MTX amplification, secretes rhαGAL levels of 
7.5  pg.cell−1.d−1 with specific 1.3 × 104  U.mg−1 
enzymatic activity (Ioannou et  al. 1992). Sohn 
et al. (2013a, b) reported the development of CHO 
clones with 30-fold higher productivities of 
rhαGAL (more than 150 mg.L−1.d−1) than the one 
achieved by AGA5.3 clone in a hollow fiber 
bioreactor (5 mg.L−1.d−1). However, the resulting 
enzyme (I303) appeared to experience incomplete 
sialylation due to the gap between the high level of 
protein production and the low capacity of the 
glycosylation process taking place during 
secretion. Despite obtaining complete sialic acid 

capping after carrying out an in  vitro enzyme 
reaction, this extra step makes the production 
process time-consuming, laborious and more 
expensive. The TGE has also been proposed as an 
alternative strategy to obtain rhαGAL in 
suspension human HEK293 cells (Corchero et al. 
2011). Likewise, with the advances in plant 
technology, transgenic plants have also been 
explored as source for rhαGAL production. For 
instance, in PRX-102, rhαGAL has been 
chemically modified with a homo- bifunctional 
PEG cross-linker attached to the two rhαGAL’s 
subunits, improving serum half-life as well as 
plasma and lysosomal stability. However, 
PEGylation is not a simple process, as some 
significant parameters must be taken into account, 
including the molecular weight and the PEG 
architecture, the PEG number attached sites and 
their possible location. Moreover, PEG itself 
does carry some potential risks, such as the 
antibody formation against PEG (anti-PEG), 
hypersensitivity to PEG and vacuolation (Zhang 
et al. 2014). Other approaches focus on correcting 
the trafficking defects of enzymes to lysosomes 
using molecular chaperones assisting enzymes to 
fold correctly. Galafold™ (Migalastat; Amicus 
Therapeutics) has been clinically approved for 
Fabry disease in Europe. Nonetheless, this type of 
approach is only valid for patients with certain 
mutations characterized by an unstable protein 
phenotype.

Under these circumstances, we herein report 
the production of rhαGAL in suspension CHO- 
K1 cells, using third-generation LVs as an 
optimized expression platform. Indeed, we have 
replaced the amplification strategy based in 
DHFR/MTX selection by successive lentiviral 
transductions of suspension cells, obtaining 
productivities up to 59 pg.cell−1.day−1.

2.3.1  The rhαGAL Cell Line 
Development, Cloning 
and Bioreactor Production

The LVs were produced by simultaneous co- 
transfection of HEK293T cells with the four 
plasmids system, using the lipid reagent 
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Lipofectamine 2000 (Invitrogen™, USA). 
Thereafter, the culture supernatant containing the 
LVs was harvested after 48  h, clarified by low 
speed centrifugation and frozen at −70 °C prior 
to use. The titer was calculated with a HIV-1 p24 
ELISA kit (QuickTiter™Lentivirus Titer Kit, 
Cell Biolabs Inc., USA), obtaining a value of 
1.9 × 108 TU.mL−1.

Suspension adapted CHO-K1 cells were seri-
ally transduced (three times) at a MOI of ~35 LP 
per cell. Performing repeated transductions can 
increase the copy number of the transgene and, 
thus, the expression of the protein of interest. 
This procedure eliminates the need of using 
drugs such as MTX or MSX and, as this protocol 
allows starting with a highly expressing pool, it 
may reduce the number of screened clones. 
Indeed, it is known that the ability to adapt host 
cells to grow in suspension is highly desirable as 
it allows volumetric scalability and permits the 
use of protein- and serum-free media (Van der 
Valk et al. 2010).

From the population of cells that underwent 
three rounds of transductions, clonal isolates were 
obtained by limiting dilution. Fifteen clones, 
selected for further analysis based on the rhαGAL 
high level expression, displayed expression rates 
from 3.5 to 59.4 pg.cell−1.d−1 and specific enzyme 
activities from 3.0 × 103 to 2.4 × 104 U.mg−1. This 
study demonstrated, once more, the potential of 
LVs as a gene delivery tool. Our clones achieved 
up to eightfold higher productivities and up to 
twofold higher specific enzymatic activities in 
culture supernatants compared to the AGA5.3 
clone, which is the platform for the production of 
algasidase beta, Fabrazyme®.

Two of the highest producing clones (P3G2 
and P3E8) were selected for metabolism, cell 
growth analysis, and subsequent scale up. The 
transgene copy number of the selected clones 
were determined by qPCR, indicating the 
existence of 2.2 ± 0.1 copies of the transgene and 
5.6 ± 0.1 copies of the transgene for P3G2 and 
P3E8, respectively, in comparison with the 43 ± 2 
copies of the TD3 cell population from which 
they derived. Importantly, no copies of LVs- 
derived components were identified in 1.0 × 104 

copies of the transgene in the rhαGAL producer 
cell line, assessed by a qPCR assay.

For the rhαGAL production, the P3G2 clone 
was cultured in serum-free medium in a one-liter 
bioreactor (Biostat Q Plus, Sartorius), in 
perfusion mode, during 14  days, reaching 
1.8 × 107 cell.mL−1 cell densities and up to 95% 
cell viabilities. Perfusion rate varied between 0.5 
and 1.0 reactor volumes per day (Fig.  2.2a). 
Concentrations up to 35  μg mL−1 of rhαGAL 
were attained in ~10 L of harvest. In addition, the 
P3E8 clone was cultured in the same bioreactor 
system during 14  days, reaching up to 1 × 107 
cell.mL−1 cell densities, and up to 90% cell 
viabilities. The temperature systems varies from 
37 to 32 °C, obtaining nearly 60 μg mL−1 rhαGAL 
concentrations, in ~10 L harvest (Fig. 2.2b).

2.3.2  The rhαGAL Purification

The rhαGAL present in clarified culture superna-
tant of both clones was purified using two sequen-
tial steps. Briefly, the bioreactor harvest was 
loaded onto a weak IEX resin (DEAE Sepharose 
Fast Flow, GE Healthcare), and equilibrated with 
10  mM phosphate buffer, pH 6.0. No enzyme 
leakage was observed during the loading or wash-
ing steps of this first chromatography. The enzyme 
was eluted using an isocratic 0.18 M NaCl gradi-
ent in the same buffer. Next, a second purification 
step was performed, based in a HIC (Butyl 
Sepharose 4 Fast Flow, GE Helthcare). Most of 
the enzyme contaminants were removed during 
the washing step, while the elution condition 
(0.75 M NaCl, 10 mM phosphate buffer, pH 7.5) 
allowed recovering the enzyme with a 60% yield. 
This step was essential to remove most protein 
contaminants, as revealed by SDS-PAGE 
(Fig.  2.3a, b). As a result, after two purification 
steps, the active enzyme was recovered with high 
purity and 60% overall yield (Tables 2.1 and 2.2). 
A purity of 100% was obtained considering the 
rhαGAL amount and total protein content deter-
mined by ELISA and Bradford assay, respectively. 
This apparent 100% purity value can be explained 
as resulting from experimental errors. In addition, 
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the purity of rhαGAL variants was assessed by 
SDS-PAGE and compared to Fabrazyme®. A 
nearly 98% purity was obtained for both purified 
molecules. However, an extra polishing step 
should be applied to reach a higher than 99.00% 
purity.

As an additional characterization step of the 
purified proteins in comparison with Fabrazyme®, 

a C4 RP-HPLC was made, identifying three dis-
tinct protein peaks. As Lee et al. (2003) reported, 
these different peaks could be attributed to 
C-terminal heterogeneity with truncated species, 
lacking either two (peak 1) or one (peak 2) 
C-terminal residues present in each preparation 
as well as the full-length protein (peak 3). The 
relative amount of protein form varied between 

Fig. 2.2 Culture of P3G2 (a) and P3E8 (b) in 1 L biore-
actor in perfusion mode. Profiles of cell density, cell via-
bility, glucose, lactate, rhαGAL concentrations, perfusion 

rate and temperature are shown. Asterisk character indi-
cates cell bleeding
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the three preparations; in Fabrazyme® the 
 predominant specie was peak 3, whereas in the 
rhαGAL deriving from P3G2 clone (rhαGAL- 
P3G2), the peak 2 was the more abundant one. 
The rhαGAL deriving from P3E8 clone (rhαGAL-
P3E8) exhibited only two peaks, being also the 
peak 2 the predominant one (Fig. 2.4).

Importantly, the rhαGAL-P3G2 specific activ-
ity was within the 1.6–4.8 × 106  U.mg −1range 
which, in our work, was determined for 
Fabrazyme®. Such activity was also included in 
the values reported in literature (Selden et  al. 

2000). Interestingly, the specific activity of the 
rhαGAL-P3E8 was higher than that determined 
for Fabrazyme®, which could be attributed to 
different protein profile assessed by the RP-HPLC 
assay.

2.3.3  Physicochemical 
and Biochemical 
Characterization

Coomasie Blue staining was performed on SDS- 
PAGE and IEF to analyze the apparent molecular 
mass and isoform distribution of the purified 
rhαGAL variants in comparison with Fabrazyme®. 
The apparent molecular masses of the three 
molecules was nearly the same: a monomer band 
of about 50  kDa was observed (Fig.  2.3a, b). 
Furthermore, both purified products exhibited 
complex isoelectric focusing patterns similar to 
Fabrazyme®, with a wide diversity of low 
isoelectric point glycoforms (Fig. 2.5a). Although 
the three molecules shared a considerable number 
of isoforms, both the rhαGAL-P3G2 and the 
rhαGAL-P3E8 showed a higher proportion of 
glycoforms concentrated in the more acidic zone 
of the pH range compared to Fabrazyme®.

The in vitro stability of both purified rhαGAL 
variants and Fabrazyme® following exposure to 
human plasma was assessed by analysis of their 
residual enzymatic activity. The rhαGAL-P3G2 
and Fabrazyme® molecules showed similar 
profiles (p > .05): as soon as they were diluted in 
plasma their activity began to fall, retaining 
~29% of the initial value after 45  min of 
incubation. However, the rhαGAL-P3E8 retained 
up to 60% of its original activity after 45 min of 
incubation (Fig. 2.5b).

During purification and subsequent storage, 
many processes may occur, probably interfering 
with the enzyme biological activity. To assess the 
proper folding and enzymatic properties of both 
purified rhαGAL variants, we compared their 
kinetic parameters with those of Fabrazyme®. 
Michaelis-Menten analysis demonstrated that 
both rhαGAL molecules were capable of 
hydrolyzing the synthetic substrate (4MU-α-Gal) 
at a comparable rate to Fabrazyme® without 

Fig. 2.3 SDS-PAGE of fractions corresponding to dif-
ferent stages of the purification process of rhαGAL-
P3G2 (a) and rhαGAL-P3E8 (b). Lane 1, clarified crude 
supernatant (L, Load); lane 2, eluate from first chromato-
graphic step (IEX); lane 3, eluate from second chromato-
graphic step (HIC); lane 4, Fabrazyme®, reference 
molecule (F); lane 5, molecular mass standards
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significant differences between their kinetic 
parameters (the Km value was 1.5 ± 0.6, 1.3 ± 0.1 
and 1.1 ± 0.3  mM for Fabrazyme®, rhαGAL-
P3G2 and rhαGAL-P3G8, respectively. The Kcat 
value was 1200 ± 300, 1400 ± 400 and 
1000 ± 600  min−1 for Fabrazyme®, rhαGAL-
P3G2 and rhαGAL- P3G8, respectively). 
Additionally, no apparent differences were 
detected in their structural conformation, as 
evaluated by the fluorescence spectrometry (data 
not shown).

Type and amount of monosaccharides, sialic 
acid and M6P present in the purified rhαGAL 
variants and Fabrazyme® glycans were 
determined by acid hydrolysis of the samples 
followed by HPAEC-PAD using a DIONEX ICS-
5000 system equipped with a CarboPac™ PA20 
column (Thermo Fisher Scientific Dionex). 

Moreover, to analyze the relative amount of the 
charged N-glycans of the enzymes, WAX 
chromatography was performed using an 
ASAHIPAK ES-502N7C column (100 × 7.5 mm; 
SHODEX, Japan) connected to a HPLC system 
equipped with a fluorescence detector module. 
Previously, the N-glycans were enzymatically 
released using PNGase F, followed by the 2-AB 
glycan derivatization reaction.

Regarding monosaccharide composition, the 
three molecules presented similar Man, Gal and 
GlcNAc content. The rhαGAL-P3G2 exhibited a 
75% higher Fuc amount than Fabrazyme®, 
whereas the rhαGAL-P3E8 variant presented 
nearly the same amount as Fabrazyme® (Fig. 2.6).

For successful ERT for Fabry disease, the 
importance of the M6P and sialic acid content in 
the rhαGAL products has been reported (Sohn 

Table 2.1 Summary of purification rhαGAL-P3G2

Va (mL) Activity (U.mL−1) Total protein (mg.mL−1) SAb (U.mg−1) Rc (%) Enrichment (fold) Purity (%)
Cell 
harvest

75.0 4.3 × 104 1.1 3.9 × 104 100 1 2.0

IEX 
eluate

9.0 4.2 × 105 0.8 5.3 × 105 117 13.5 23.1

HIC 
eluate

1.0 1.9 × 106 0.8 2.4 × 106 59 61.5 100

All purification steps were performed at 4 °C. Enzyme activity was determined after combining fractions using 4MU-α- 
Gal as a substrate. Total protein was determined using modified Bradford assay. Recovery was estimated from total 
enzyme activity. Enrichment was calculated as a relation between specific activities. Purity (%) was determined as a 
relation between enzyme concentration and total protein concentration (mg.ml−1)
aV Volume
bSA Specific Activity
cR Recovery

Table 2.2 Summary of purification rhαGAL-P3E8

Va (ml) Activity (U.mL−1) Total protein (mg.mL−1) SAb (U.mg−1) Rc (%) Enrichment (fold) Purity (%)
Cell 
harvest

250 2.6 × 104 0.22 1.2 × 105 100 1 16.0

IEX 
eluate

15 3.8 × 105 0.64 6.0 × 105 87.3 5 86.1

HIC 
eluate

0.4 1.0 × 107 1.33 7.6 × 106 61.1 63 100

All purification steps were performed at 4 °C. Enzyme activity was determined after combining fractions using 4MU-α- 
Gal as a substrate. Total protein was determined using modified Bradford assay. Recovery was estimated from total 
enzyme activity. Enrichment was calculated as a relation between specific activities. Purity (%) was determined as a 
relation between enzyme concentration and total protein concentration (mg.ml−1)
aV Volume
bSA Specific Activity
cR Recovery
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et  al. 2013a, b). Analysis of M6P glycans is 
important to determine the efficiency of lysosomal 
targeting and, therefore, therapeutic efficacy 
(Kang et al. 2016). Sialic acid capping is essential 
to mask terminal galactose, which reduces uptake 
by the asialoglycoprotein receptor in the liver 
and, thus results in proper tissue distribution with 
longer half-life in the body. Moreover, charge 
and size of proteins are important for glomerular 
filtration: since the glomerular filter is negatively 

charged, the anionic molecules are repelled and 
not filtered (Mahmood and Green 2005). The 
M6P content for both rhαGAL variants was the 
same as that determined for Fabrazyme®, whereas 
the Neu5Ac amount of rhαGAL-P3G2 and 
rhαGAL-P3E8 molecules was about 50% higher 
than the corresponding one for Fabrazyme®. 
Also, both rhαGAL purified variants exhibited a 
33% and a 54% reduced content of the 
immunogenic type of sialic acid (Neu5Gc) 

Fig. 2.4 C4 RP-HPLC analysis of Fabrazyme®, rhαGAL-P3G2 and rhαGAL-P3E8, respectively
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compared to Fabrazyme® (Fig. 2.6). These results 
were comparable to the ones obtained by WAX-
HPLC, which indicated the presence of more 
negatively charged structures and less neutral 
structures for the rhαGAL variants (Fig. 2.7).

Taking into account the higher sialic acid 
content, the longer the rhαGAL serum half-life, 
therefore, the results mentioned above may 
have a significant impact on the protein 
therapeutic efficacy by reducing both, the drug 
amount and its administration frequency (Varki 
2008; Byrne et al. 2007). However, these results 
should be verified by in  vivo assays in the 
future.

2.3.4  Cellular Uptake 
and Localization 
of the rhαGAL Variants

The uptake of the rhαGAL variants into primary 
skin fibroblasts of Fabry patients (NIGMS 
Coriell Institute), lacking endogenous α-Gal, 
was evaluated by fluorescent microscopy. The 
subcellular localization of the recombinant 
enzyme was determined by an immunofluores-
cent assay. Both rhαGAL variants and 
Fabrazyme® showed a characteristic granular 
pattern that would indicate a lysosomal 

Fig. 2.5 (a) IEF 
profiles of Fabrazyme® 
(F), rhαGAL-P3G2 and 
rhαGAL-P3E8, 
respectively. The line 
indicates the pH range 
employed. (b) In vitro 
stability of Fabrazyme®, 
rhαGAL-P3G2 and 
rhαGAL-P3E8, 
respectively, following 
exposure to human 
plasma. Stability was 
measured as the 
remaining activity of the 
enzymes analyzed by 
the hydrolysis of the 
synthetic substrate 
4MU-α-Gal after 
incubation in human 
plasma. The results are 
expressed as the 
percentage of the initial 
enzymatic activity. 
Results are an average 
of six measurements ± 
SD
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Fig. 2.6 Monosaccharide composition of Fabrazyme®, rhαGAL-P3G2 and rhαGAL-P3E8, respectively
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localization. Also, no enzyme was detected in 
the untreated Fabry cells (Fig. 2.8a).

In addition, the uptake of the enzymes was 
measured in fibroblast cell homogenates after 
24 h of incubation. The total protein content was 
determined using Bradford assay, and the 
enzymatic activity was assayed using the artificial 
4MU-α-Gal substrate. The uptake of three 

molecules was significantly different (p < .05) in 
comparison with untreated Fabry cells (Fig. 2.8b).

2.4  Conclusion

Currently, mammalian expression systems, 
mainly CHO cell line, are extensively used for 
biotherapeutics production. The wide spread suc-

Fig. 2.7 Analysis of native 2-AB labeled N-glycans from Fabrazyme®, rhαGAL-P3G2 and rhαGAL-P3E8, respec-
tively, by WAX-HPLC. The 2AB-labelled N-glycans were separated based on their charge
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Fig. 2.8 (a) Fluorescence microscopy to study the sub-
cellular localization of rhαGAL. First, Fabry fibroblast 
were incubated with Fabrazyme® (A), rhαGAL-P3G2 (B), 
rhαGAL-P3E8 (C) or without any protein (D), then fixed, 
incubated with an anti-rhαGAL antibody and incubated 
with a second antibody Alexa Fluor488 goat anti-rabbit 

igG H and L (ab 150,081). Nuclei were stained with 
DAPI. Bar scale: 19 μm. (b) Specific activity of rhαGAL 
variants in fibroblast cell homogenates after 24 h of incu-
bation. The total protein content was determined using 
Bradford assay and the enzymatic activity was assayed 
using the artificial 4MU-α-Gal substrate. (∗ p < .05)
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cess of the CHO platform can be attributed due to 
its adaptability to grow at high densities in sus-
pension cultures, ease of adaptation to serum-free 
conditions and the addition of human-like glyco-
sylation. To obtain higher protein expression lev-
els, several strategies have been applied, such as 
those employing epigenetic regulatory elements 
or those using the revolutionary artificially engi-
neered scissors as the CRISPR/Cas technology. 
In addition, when the production of a stable cell 
line is required, the selection of a proper delivery 
system is crucial. As LVs can reduce process 
timelines, increase production levels and enable 
use of difficult-to-transfect cell lines, they are an 
attractive delivery tool system. As they derive 
from HIV-1, there are safety concerns that LVs 
might be contaminated with replicating virus or 
viral proteins that could be pathogenic. However, 
several sensitive assays have been developed that 
guarantee any RCL absence.

Among therapeutic proteins, enzymes repre-
sent a small and profitable market. With the 
approval of the Orphan Drug Act in 1983 in USA, 
the development of enzyme therapeutics against 
rare diseases such as lysosomal disorders has 
gained notable importance.

As LSDs are caused by mutations affecting 
essential lysosomal proteins or non-lysosomal 
proteins that are necessary for lysosomal 
function, the deficiencies in these proteins cause 
a pathogenetic cascade leading to intralysosomal 
accumulation of different substrates in multiple 
tissues and organs. Though in recent years 
remarkable treatment progress has been made, 
these disorders remain associated with important 
neglected medical needs and great responsibility 
in terms of public health and economic costs. The 
ERT has offered an improvement in the patient’s 
life quality. However, only 8 out of 50–60 
disorders have an ERT treatment approved. In 
addition, the access to orphan drugs continues to 
be limited by high prices. Also, it is important to 
ameliorate the enzyme half-life and lysosomal 
targeting. Consequently, an interdisciplinary 
effort could be necessary to address these issues 
from different angles.

In this chapter, we have presented a strategy 
trying to reduce the timeline of the overall 

 production process of a promising therapeutic 
alternative for Fabry disease. In this way, we have 
not only obtained clones, demonstrating a 
suitable balance between the enzyme high 
productivity and quality, but we have also 
enhanced the gene delivery efficiency and 
reduced the timeline achievement to produce a 
cell line. Moreover, the purified variants exhibit 
improved properties regarding glycosylation, in 
particular, higher sialic acid content and a reduced 
percentage of antigenic Neu5Gc glycan, attributes 
which may derive in an enhanced rhαGAL 
in vivo efficacy.
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Abstract
Therapeutic enzymes are a commercially 
minor but clinically important area of biophar-
maceuticals. An array of therapeutic enzymes 
has been developed for a variety of human dis-
eases, including leukaemia and enzyme- 
deficiency diseases such as Gaucher’s disease. 
Production and testing of therapeutic enzymes 
is strictly governed by regulatory bodies in 
each country around the world, and batch-to- 
batch consistency is crucially important. 
Manufacture of a batch starts with the fermen-
tation or cell culture stage. After expression of 
the therapeutic enzyme in a cell culture biore-
actor, robust and reproducible protein purifi-
cation, or downstream processing (DSP) of 
the target product, is critical to ensuring safe 
delivery of these medicines. Modern process-
ing technology, including the use of dispos-
able processing equipment, has greatly 
improved the DSP development pathway in 
terms of robustness and speed to clinic. Once 
purified, the drug substance undergoes rigor-
ous quality control (QC) testing according to 
current regulatory guidance, to enable release 
to the clinic and patient. QC testing is con-
ducted to ensure the safety, purity, identity, 
potency and strength of the medicinal product, 

requiring multiple analytical methods that are 
rigorously validated and monitored for robust 
performance. Several case studies, including 
L-asparaginase and asfotase alfa, are dis-
cussed to illustrate the methods described 
herein.
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Therapeutic enzymes · Downstream process-
ing · Quality control · Enzyme characterisa-
tion · Enzyme manufacturing
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DP Drug product
DS Drug substance
DSP Downstream processing
ELISA  Enzyme-linked immunosorbent 

assay
EMA European medicines agency
ERT Enzyme replacement therapy
EU Endotoxin units
Fc Constant domain (antibody)
FDA  United States Food and Drug 

Administration
GD Gaucher’s disease
GMP Good manufacturing practice
HCP Host cell proteins
HER2  Human epidermal growth fac-

tor receptor 2
HIC  Hydrophobic interaction 

chromatography
HPLC  High-pressure liquid 

chromatography
HPP Hypophosphatasia
HVAC  Heating, ventilation and air 

conditioning
ICH  International Council on 

Harmonisation
IEX Ion-exchange
IEX-HPLC  Ion-exchange high-pressure liq-

uid chromatography
IgG Immunoglobulin
IMAC  Immobilised-metal affinity 

chromatography
ITC Isothermal calorimetry
IU  International unit (of enzymatic 

activity)
kcat Enzyme catalytic constant
KM Michaelis constant
LAL Limulus amoebocyte lysate
LAL-D  Lysosomal acid lipase 

deficiency
LC-MS  Liquid chromatography cou-

pled mass spectrometry
LOD Limit of detection
mAbs Monoclonal antibodies
MALDI  Matrix-assisted laser desorp-

tion/ionisation
MF Microfiltration
MS Mass spectrometry
MS/MS Tandem mass spectrometry

NAD  Nicotinamide adenine 
dinucleotide

NADP  Nicotinamide adenine dinucleo-
tide phosphate

NCPPB  National Collection of Plant 
Pathogenic Bacteria (UK)

PCR Polymerase chain reaction
PEG Poly(ethylene glycol)
pI Isoelectric point
PMDA  Japanese Pharmaceuticals and 

Medical Devices Agency
Q Quaternary ammonium
QA Quality assurance
QbD Quality by design
QC Quality control
QMS Quality management system
qPCR Quantitative polymerase chain 
reaction
R&D Research and development
RP-HPLC  Reversed-phase high-pressure liq-

uid chromatography
RT-PCR  Real-time polymerase chain 

reaction
S Sulphopropyl
SDS-PAGE  Sodium dodecyl sulphate poly-

acrylamide gel electrophoresis
SEC Size-exclusion chromatography
SOP Standard operating procedures
SPR Surface plasmon resonance
TFF Tangential-flow filtration
TFF-MF  Tangential-flow filtration 

– microfiltration
TNALP  Tissue-nonspecific alkaline 

phosphatase
U Units (of enzyme activity)
US United States
UV Ultraviolet
Vmax  Maximum enzymatic reaction 

velocity

3.1  Introduction to Production 
of Therapeutic Enzymes

Therapeutic enzymes represent a small fraction 
($6.6 billion in worldwide sales in 2015) of the 
overall global recombinant therapeutic protein 
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market worldwide ($175 billion in 2015), but are 
nonetheless important economically and clini-
cally (Dewan and Sullivan 2016). Therapeutic 
enzymes have been developed over the past few 
decades to treat a vast array of human diseases, 
from oncology (i.e., leukaemia) to rare genetic 
enzyme deficiency disorders (i.e., Gaucher’s dis-
ease). These enzymes occupy a distinct part of 
the overall recombinant protein therapeutic prod-
uct area, together with cytokines (e.g., interferon- 
β- 1b for multiple sclerosis), monoclonal 
antibodies (e.g., anti-HER2 antibody for treat-
ment of breast cancer), hormones (e.g., insulin) 
and vaccines (e.g., recombinant hepatitis B 
vaccine).

Critical to the production of these important 
products is the purification of the enzyme, and 
demonstrating that it is of adequate purity for 
human administration. Such proof is provided by 
Quality Control (or QC), which is mandated by 
regulatory Good Manufacturing Practices (GMP) 
worldwide and an important part of ensuring that 
the patient receives medicinal products that are 
safe to use. The purpose of this chapter is to 
describe examples of some key therapeutic 
enzyme products, introduce and explain the 
nature of the downstream processes used to 
purify them, and provide insight into the QC 
techniques used to evaluate of them.

3.1.1  Types of Therapeutic Enzymes

A staggering array of therapeutic enzymes is cur-
rently approved by regulatory agencies for clini-
cal use in humans. Whilst it is not possible to list 
all of the enzymes here, a selected list of com-
mercially- and therapeutically-important 
enzymes is shown in Table 3.1.

As can be observed from Table  3.1, thera-
peutic enzymes are produced from a variety of 
cellular expression platforms to treat an array 
of human diseases. Some of the technologies 
used to produce these products include bacte-
rial cells (e.g. Erwinia chrysanthemi, 
Escherichia coli), mammalian cells (e.g. CHO, 
human cell lines), and more recently, plant cells 
(Aviezer et  al. 2009). A particularly novel 

example is the recently-approved treatment for 
lysosomal acid lipase deficiency (LAL-D, also 
referred to as Wolman disease), sebelipase alfa 
or Kanuma from Alexion Pharmaceuticals (Su 
et al. 2016). Individuals with LAL-D, a genetic 
disorder, do not produce enough lysosomal acid 
lipase, which is used by the body to break down 
fatty acids and triglycerides. Sebelipase alfa is 
used as an enzyme replacement therapy for 
these individuals. Sebelipase alfa is notable 
because it is a recombinant enzyme manufac-
tured from the eggs of transgenic chickens, the 
first biological drug to be developed and manu-
factured in this way.

Regardless of the method of protein expres-
sion, there are several common themes to thera-
peutic enzyme production. Like all biological 
products produced for clinical use, enzymes 
must undergo a rigorous and robust purification 
procedure in order to become appropriate for 
human administration. An overview of routes to 
therapeutic enzyme manufacture is provided in 
Sect. 3.1.2.

3.1.2  Production of Therapeutic 
Enzymes

Production of therapeutic enzymes (Fig. 3.1) in 
common with all biopharmaceutical manufacture 
is a complex and time-consuming effort that 
requires multiple departments within an organ-
isation to work together, including Manufacturing, 
Engineering, Quality Assurance (QA) and 
Quality Control (QC). The most critical aspect of 
production of human clinical enzymes is adher-
ence to Good Manufacturing Practices (GMP), 
designed by regulatory agencies around the world 
(i.e., the US Food and Drug Administration or 
FDA, and the Japanese Pharmaceuticals and 
Medical Devices Agency or PMDA) to provide 
assurance that products are safe and effective for 
use. Although each country in effect has its own 
interpretation of GMP, in recent years the 
International Council on Harmonisation (ICH) 
has worked to provide alignment between the 
regulatory bodies on the scientific and technical 
aspects of pharmaceutical production. A good 
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description of pharmaceutical GMP is provided 
by Tobin and Walsh (2008). However, GMP is 
constantly evolving as a result of advances in 
technology and capabilities. Thus, it is important 
for potential therapeutic manufacturers to stay 
current with GMP and consult individual guid-
ance documents from each agency as well as the 
ICH, which are freely available via the internet.

In therapeutic enzyme production, QC is 
critical, in order to ensure the identity, strength, 
potency, purity and safety of the drug. Thus, 
QC operates across the entire biopharmaceuti-
cal process workflow (Fig. 3.1), through release 
of process intermediates (e.g., cell paste), the 
final bulk product or Drug Substance (DS), and 
the final dosage form or Drug Product (DP). 
Release of the DS for formulation and filling 

and the DP to the clinic depends on meeting 
specifications during QC testing, and oversight 
and approval from QA. QC also perform the 
necessary in-process controls, for example to 
determine the protein content of a process 
stream prior to load onto a chromatography 
column.

In this chapter, the methods and technolo-
gies for purification, or Downstream Processing, 
of therapeutic proteins (Sect. 3.3.2) are 
reviewed together with the QC analytical meth-
ods (Sect. 3.3.3). Several examples from indus-
try are provided (Sect. 3.4), to illustrate some 
of the various permutations and possibilities in 
this vast field.

Table 3.1 Selected therapeutic enzymes of industrial importance

Enzyme name (drug name) Manufacturer Disease indication Expression platform References
L-asparaginase Erwinia 
chrysanthemi (Erwinase)

Porton 
biopharma

Acute lymphoblastic 
Leukaemia

Erwinia 
chrysanthemi 
NCPPB 1066

Salzer et al. 
(2014)

PEGylated L-asparaginase 
Escherichia coli (Oncaspar)

Shire 
Pharmaceuticals

Acute lymphoblastic 
leukaemia

Escherichia coli Graham 
(2003)

Carboxypeptidase 
(Voraxase)

Protherics Methotrexate clearance in 
patients with impaired 
renal function

Escherichia coli Patterson 
and Lee 
(2010)

β-glucocerebrosidase 
(Elelyso)

Pfizer Gaucher’s disease Plant cells 
(carrots)

Mor (2015)

Imiglucerase (Cerezyme) Genzyme Gaucher’s disease Chinese hamster 
ovary (CHO)

Edmunds 
(2005)

Elosulfase alfa (Vimizim) BioMarin Mucopolysaccharide 
processing disorder 
(Marquio A)

Chinese hamster 
ovary (CHO)

Sanford and 
Lo (2014)

Lysosomal acid lipase 
(Kanuma)

Alexion Lysosomal acid lipase 
deficiency

Eggs from 
transgenic 
chickens (Gallus 
gallus)

Su et al. 
(2016)

Dornase alfa (Pulmozyme) Genentech Cystic fibrosis Chinese hamster 
ovary (CHO)

Wagener 
and Kupfer 
(2012)

Human α-L-iduronidase 
(Aldurazyme)

Genzyme Hurler and Hurler-Scheie 
syndromes

Chinese hamster 
ovary (CHO)

Kakkis 
(2005)

Human α-galactosidase A 
(Fabrazyme)

Genzyme Fabry disease Chinese hamster 
ovary (CHO)

Lee et al. 
(2003)

Human iduronate-2-sulfatase 
(Elaprase)

Shire Hunter’s syndrome Human cell line 
HT-1080

Heartlein 
and Kimura 
(2014)

Human 
N-acetylgalactosamine-4- 
sulfatase (Naglazyme)

BioMarin Maroteaux-Lamy syndrome Chinese hamster 
ovary (CHO)

Harmatz 
et al. (2014)
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3.2  Downstream Processing 
of Therapeutic Enzymes

3.2.1  Downstream Processing

The term Downstream Processing (or 
Downstream Process, DSP) with respect to bio-
logical products refers to the process of purifica-
tion of the biologically active molecule(s) that 
comprise that product into a sufficiently pure 
form, such that it is possible to administer to 
humans in a clinical setting. Typically, DSP con-
sists of a number of linked manufacturing steps, 
each of which contributes to an improvement in 
the purity of the target molecule. Some types of 
impurities that must be removed include 
expression- cell or host-cell non-product proteins, 
nucleic acids, lipids and phospholipids. Any 
materials introduced during DSP, such as prote-
ase inhibitors or antifoaming agents, must also be 
removed in the purification train. In a therapeutic 
or biopharmaceutical setting, the design of this 
process is critical, as in addition to being eco-

nomically viable, DSP must also be performed in 
such a way to achieve the desired purity while 
conserving the biological activity and efficacy of 
the product.

In the context of DSP for therapeutic enzymes, 
the critical factor to preserve is enzymatic activ-
ity. An enzyme’s activity is necessarily and 
intrinsically linked to the three-dimensional 
structure of the enzyme and the molecular archi-
tecture within the active site, which admits the 
substrate and performs the chemical reaction. 
Enzymes, as proteins, have four potential levels 
of structure: primary (sequence), secondary (i.e., 
α-helices and β-sheet structures), tertiary (i.e., 
whole-protein folding) and potentially, quater-
nary (i.e., multi-protein complexes). Preservation 
of these levels must be accomplished during DSP, 
so processing steps must be sufficiently gentle to 
achieve this. Some of the measures typically 
taken in this regard include processing in cold or 
refrigerated units, restricting reagents and buffers 
to those which promote or preserve structure 
(e.g., avoiding most organic solvents), selecting 
appropriate ranges of pH, use of biocompatible 
product-contact surfaces and purification units, 
and, if necessary, the use of protease inhibitors to 
prevent degradation.

In recent years, the biopharmaceutical indus-
try, in collaboration with academic institutions 
and regulatory bodies, has made great advances 
in streamlining and improving the quality of DSP 
for therapeutic enzymes and biologics. The intro-
duction of disposable technology (Allison and 
Richards 2014; Gao and Allison 2016) for small- 
volume, high-value products such as therapeutic 
enzymes has helped manufacturers achieve easier 
compliance with regulatory guidance for clean-
ing and validation. Similarly, the introduction of 
quality-by-design (QbD) principles (ICH Q8(R2) 
2009; Yu et  al. 2014) into biopharmaceutical 
R&D has helped developers and manufacturers 
produce DSP strategies that are both robust and 
scaleable.

The output of DSP is the Drug Substance 
(DS), normally stored as a bulk product that is 
later processed through to the final formulated 
presentation (vials, pre-filled syringes, or other 
dosage forms) in a separate, formulation process. 

Fig. 3.1 Overview of therapeutic enzyme production 
workflow
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The DS is typically stored under controlled con-
ditions at a selected temperature (e.g., 2–8 °C or 
−20 °C) appropriate for the product. During stor-
age, the DS must be stable over time, and rigor-
ous studies must be conducted to demonstrate 
stability during development and after product 
licensure. The stability studies are typically con-
ducted in concert with the QC unit, who conduct 
the analytical testing. The stability acceptance 
criteria will be established based on the data col-
lected during development in order to ensure that 
the product efficacy is maintained over the 
intended shelf life.

In this section, some of the techniques and 
strategies for therapeutic enzyme DSP are 
described and illustrated. In addition, some 
promising new procedures are outlined and 
potential future directions in the field are 
proposed.

3.2.2  Unit Operations Used 
in Downstream Processing

Often, the most extensive part of the overall man-
ufacturing process is the DSP section, as several 
steps are usually required to obtain enzyme of the 
required purity. Nonetheless, there is a typical 
workflow or pattern to therapeutic enzyme DSP, 
consisting of cell lysis, crude product extraction, 
product polishing, and final product filtering 
(Fig. 3.2). These stages are described in further 
detail below. It is important to note that, although 
this DSP workflow also applies to non-enzymatic 
proteins, certain aspects are unique to therapeutic 
enzymes, and these will be highlighted below.

The first phase of DSP is the separation of the 
enzyme from the cellular material used during 
protein expression in the bioreactor or fermenter. 
As mentioned above, many different expression 
platforms have been used historically. However, 
regardless of the expression system, in the major-
ity of cases the initial phase of the DSP follows a 
common theme. In cases where the target enzyme 
is a soluble protein secreted into the growth 
medium, such as is the case for many mammalian 
and insect-cell applications, simple physical sep-
aration of the cells and medium is sufficient. 

Secreted enzyme production may also be linked 
with a perfusion process (Voisard et al. 2003) in 
which a continuous, cell-free stream of crude 
product is obtained from the bioreactor.

For intracellular products, such as many 
enzymes expressed in bacterial and yeast cells, 
the host cells typically require a lysis step to 
release the target enzyme. Most commonly, man-
ufacturers employ high-pressure homogenisation 
or microfluidisation (Middelberg 1995) to release 
the target protein. In homogenisation, the cell sus-
pension is pumped through a high-pressure orifice 
or cell and the resulting pressure drop causes the 
cells to lyse. Pressure drops routinely used during 
homogenisation may exceed 15,000–20,000 psi. 
The outputs of homogenisation include the target 
protein and other cellular contents as well as 
insoluble cellular debris, which must be removed 
(e.g. by centrifugation). One advantage of 
homogenisation as a lysis step is the relatively 
short residence time in the equipment, which min-
imises heat input to the process cell fluids, and 
therefore minimises proteolytic activity which 

Fig. 3.2 Typical workflow for therapeutic protein DSP.
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may arise from unwanted enzymes in the host 
cell. Post-homogenisation cooling, often provided 
by an outlet heat exchanger, may be critical to 
minimise such effects.

The choice of lytic method may also be criti-
cal for the function of the remaining DSP 
(Balasundaram et  al. 2009) and may impact 
yields downstream. Depending on the pI of the 
target enzyme, the pH of the growth medium or 
lysis buffer, and the characteristics of the cellular 
debris, significant losses may be encountered due 
to product-cell debris adsorption and subsequent 
removal during centrifugation (Bierau et al. 2001; 
Quirk and Woodrow 1984). Care must therefore 
be taken in the design of lysis steps of the DSP, to 
minimise these losses. Apart from homogenisa-
tion, other techniques for cell lysis include enzy-
matic lysis with reagents such as lysozyme 
(Salazar and Asenjo 2007), chemical lysis includ-
ing alkaline treatments (Wade 1972), sonication, 
and bead-mills, but homogenisation remains the 
most easily scaleable and industrially-achievable 
technique.

After lysis is complete, the next phase of DSP 
is sometimes referred to as extraction, or the pro-
duction of a crude enzyme intermediate prepara-
tion. Immediately after the lysis step, the 
unwanted insoluble components (i.e., cellular 
debris) must first be removed from the soluble 
target protein and other impurities. Typically, 
centrifugation is employed to achieve this essen-
tially solid-liquid separation, but other techniques 
such as tangential-flow microfiltration (TFF-MF) 
may be used. In centrifugation, either batch- 
mode or continuous (i.e., disc-stack) equipment 
may be employed, depending on the scale of the 
DSP. Depth filtration is another technology that is 
sometimes used for clarification. The extent of 
the clarification achieved may be critical to the 
later polishing steps, with poorly-clarified lysates 
requiring further filtration steps downstream, as 
found for alcohol dehydrogenase production in 
yeast (Bracewell et al. 2008). In TFF-MF, mem-
brane fouling may hamper the capacity of the 
operation to perform the separation efficiently, so 
researchers have investigated backpulsing the 
membranes with air pressure periodically to 
solve this problem (Kuberkar and Davis 2001; 

Levesley and Hoare 1999; Parnham and Davis 
1996). The type and area of the MF membrane 
may also be a critical factor in development, to 
minimise effects of fouling and potential yield 
losses.

The crude enzyme isolate must then be 
forward- processed through polishing steps to 
achieve the purity required for human therapeutic 
use (the specifics of which are outlined further in 
Sect. 3.3.3). The workhorse unit operation of the 
polishing phase, and indeed the entire DSP for 
most therapeutic enzymes, is column chromatog-
raphy. Column chromatography is an adsorptive 
separation technique (Carta and Jungbauer 2010) 
carried out using a stationary phase (a porous 
media) packed in a tube (a column). The separa-
tion in chromatography occurs when certain 
components (e.g. impurities or the target protein) 
adsorb to the stationary phase while others are 
allowed to flow through the column. Adsorbed 
components may be eluted or removed from the 
column by changing the composition of the liq-
uid phase. Thus, critical to the design of chro-
matographic separations are several factors 
including the type of stationary phase (discussed 
further below), the liquid composition and pH, 
the composition of the crude protein feed to the 
column, the temperature, and the flow rate 
through the column. Further important factors in 
column chromatography step development are 
the kinetics of adsorption between the enzyme 
and the stationary phase, and the degree of dis-
persion or peak spreading that may occur during 
operation (Carta and Jungbauer 2010).

First and foremost in therapeutic enzyme 
chromatography is the choice of stationary phase, 
sometimes referred to as resin. The stationary 
phase is also referred to as the ‘packing’ in the 
column while the liquid phase is the fluid that 
flows through the column. Typical stationary 
phases are often spherical and have pore struc-
tures to allow proteins to interact with a larger 
liquid-solid interfacial area compared with the 
outside surface area of each spherical bead. The 
types of available stationary phases for protein 
and enzyme purification (Table 3.2) are designed 
in order to exploit one or more of the properties 
of proteins, such as charge, hydrophobicity, and 
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Table 3.2 Types of chromatography matrices for therapeutic enzyme production

Chromatography ligand type Mechanism of separation References
Cation-exchange (i.e., S or 
sulphopropyl and CM or 
carboxymethyl)

Enzymes and proteins in the process stream bind to the 
resin if they have a net positive charge at the 
processing pH

Janson (2012) and 
Scopes (2013)

Proteins are eluted by an increase in pH above the 
protein pI, or increase in salt concentration

Anion-exchange (e.g., Q or 
quaternary ammonium and 
DEAE or diethylaminoethyl)

Enzymes and proteins in the process stream bind if 
they have a net negative charge at the processing pH

Janson (2012) and 
Scopes (2013)

Proteins are eluted by a decrease in pH below the 
protein pI, or increase in salt concentration

Hydrophobic-interaction (i.e., 
phenyl, butyl)

Hydrophobic surface patches on the enzyme or protein 
mediate binding to the resin ligand

Cummins and 
O’Connor (2011) 
and Kennedy (1995)Various salts are used to promote protein-resin binding, 

such as ammonium sulphate
Proteins are eluted by changing the salt concentration, 
pH, or both

Affinity A molecule with high specificity towards the target 
enzyme, such as the substrate or substrate analogue, is 
immobilised on a chromatographic support

Cuatrecasas et al, 
(1968) and Hage and 
Cazes (2005)

The target binds while most or all other proteins are 
separated in the flow-through
The target is eluted by introducing a high concentration 
of the substrate or other molecule into the mobile 
phase

Dye-ligand A form of affinity chromatography using certain dye 
molecules as the ligand

Clonis et al. (2000)

The dye molecules serve as a mimic of the enzyme 
substrate
Useful for purification of certain enzymes, i.e., kinases
Residual amounts of bound dye may leach from the 
column over time; therapeutic products would require 
QC testing for absence of free dye

IMAC A form of affinity chromatography immobilised metal 
cations, usually Ni+2, as the ligand

Kågedal (2011) and 
Porath (1992)

A purification tag (usually His6) expressed on the 
enzyme at the N- or C- terminus, binds to the metal 
cation
The bound protein may be eluted by adding a histidine 
mimic, such as imidazole, to the mobile phase

Hydroxylapatite Hydroxylapatite is a mineral with the composition 
Ca10(PO4)6(OH)2

Doonan (1996)

As a chromatography matrix it may be difficult to pack 
into columns but offers multi-mode (i.e., cationic and 
anionic) binding properties

Gel-filtration Gel-filtration is a technique used to separate proteins 
and enzymes by molecular size and/or shape

Hagel (2001)

The chromatography medium has no ligand but a 
defined pore structure that admits some proteins and 
not others; smaller proteins spend more time in the 
pore structure before eluting
Not often used in industrial or therapeutic settings due 
to the lengths of columns that may be required
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molecular size. The resins typically consist of a 
structural inert support (i.e., agarose) and a 
chemical ligand that has interacts with a particu-
lar property or characteristic of proteins. For 
example, ion-exchange resins adsorb proteins 
based on the protein’s surface charge, which is in 
part dependent on the pH and ionic strength of 
the chromatography buffers (or liquid phase). 
Typical ion-exchangers include those with 
positively- charged ligands (i.e., quaternary 
ammonium or Q, and diethylaminoethyl or 
DEAE) or negatively-charged ligands (i.e., sul-
phopropyl or S, and carboxymethyl or CM). 
Elution is achieved by shifts in either the salt con-
centration (typically, sodium chloride) or pH of 
the liquid phase.

Although ion-exchange chromatography is 
probably the most common form in therapeutic 
enzyme purification, many other types of protein 
chromatography may also be employed 
(Table 3.2). These include chromatography res-
ins with a hydrophobic ligand, referred to as 
Hydrophobic-Interaction Chromatography (HIC) 
matrices (Cummins and O’Connor 2011). HIC 
resins adsorb proteins based on solvent- accessible 
non-polar amino acid residues such as valine, 
leucine, phenylalanine, and tryptophan. HIC 
adsorption is promoted by relatively high con-
centrations of certain salts, such as ammonium 
sulphate, and elution of proteins may be achieved 
by lowering the ammonium sulphate concentra-
tion in the liquid phase. Often, a gradient of 
slowly decreasing ammonium sulphate or other 
salt may selectively elute proteins from the resin 
in the order of increasing strength of adsorption 
(i.e., the most strongly hydrophobically bound 
proteins would elute last).

A further type of chromatography that is often 
used in enzyme purification is affinity chroma-
tography (Hage and Cazes 2005), which can 
often achieve high purification factors in one 
step. In affinity chromatography, the ligand is a 
molecule with high specificity to the target 
enzyme. Typically, this is the enzyme’s substrate, 
an analogue of the substrate, or inhibitor com-
pound. During an affinity chromatography pro-
cess, the target enzyme binds to the affinity ligand 

strongly, and impurities and non-target proteins 
pass through the column. The high-specificity 
interaction between enzyme and substrate makes 
affinity chromatography particularly useful in 
therapeutic enzyme purification. In order to elute 
the bound enzyme, a change must be made to the 
mobile phase which may often be introduction of 
the substrate (or substrate analogue) as a solute in 
the mobile phase. This provides competition 
between enzyme binding and enzyme desorption, 
and at a sufficiently high concentration of sub-
strate the enzyme will desorb from the resin.

One example of affinity chromatography was 
studied for the therapeutic enzyme L-asparaginase 
(Lee et  al. 1989; Gervais and Foote 2014), in 
which L-asparagine was covalently linked to the 
chromatographic resin and telution of bound 
asparaginase mediated with free L-asparagine in 
the elution buffer. Another good example of 
enzyme affinity chromatography is dye-ligand 
chromatography, where the bound substrate 
mimetic is a dye molecule such as Cibacron blue 
F3G-A (McGettrick and Worrall 2004). Some 
applications of dye affinity matrices and some 
issues relating to their use in pharmaceutical 
applications were reviewed by Labrou (2003).

A particular variant of affinity chromatogra-
phy is immobilised-metal affinity chromatogra-
phy (IMAC), in which the binding is between 
histidine-rich sequences (usually a tag of six his-
tidine residues fused to either the N- or C- ter-
mini of the enzyme) and an immobilised metal 
cation (most often, Ni2+) (Kågedal 2011). Elution 
of these types of resins is achieved by introduc-
tion of a relatively high concentration of free his-
tidine or imidazole (a histidine mimetic) in the 
mobile phase. IMAC is used in many protein and 
enzyme purification labs worldwide in order to 
provide research-grade materials for laboratory 
in vitro studies. One issue with the use of IMAC 
for therapeutic protein production, however, is 
the potential for leaching of toxic heavy metals 
(such as Ni2+) into the product stream, which may 
be difficult to remove later in the DSP and may 
inhibit enzyme activity. Any compounds added 
or leached (e.g., Ni2+ ions during IMAC, or 
leached dyes from affinity media) to the product 
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during manufacture must be cleared by the subse-
quent process steps. Ideally, the clearance mech-
anism should be validated over the course of 
several batches to show the robustness of the pro-
cess, as well as to avoid routine testing of the 
compound during DS release in QC. Furthermore, 
the presence of the purification tag (e.g. an N- or 
C- terminal His6 sequence) may affect enzyme 
activity or the in vivo performance of the drug, 
and may need to be cleaved or otherwise removed. 
Such materials used during therapeutic enzyme 
DSP need careful consideration early in the drug 
development cycle, as including them out of con-
venience early on may result in the need for re- 
running expensive clinical studies subsequent to 
their removal.

In addition to chromatography, other tech-
niques are commonly used during therapeutic 
enzyme DSP. Ultrafiltration, in a tangential-flow 
filtration (TFF) arrangement, may be used to 
achieve partial removal of small-molecule con-
taminants, as well as exchange of buffer from 
one type to another (van Reis and Zydney 2001). 
Solvent-mediated crystallisation, while not typi-
cally used to purify therapeutic proteins, has 
been used in the production of E. coli 
L-asparaginase (Rauenbusch et  al. 1970). 
Ammonium sulphate precipitation may also be 
successfully used to purify enzymes such as 
L-asparaginase without negatively affecting the 
catalytic activity (Santos et al. 2018).

3.3  Quality Control 
of Therapeutic Enzymes

3.3.1  Introduction to Quality 
Control

Quality is critical for batches of therapeutic 
enzymes for human administration. Unlike many 
other consumer products such as foodstuffs, it is 
usually not possible for the end user (i.e., the 
patient) to discern whether a pharmaceutical 
product is damaged, tainted or spoiled. Quality 
Control (QC) plays a critically important role in 
ensuring that pharmaceutical products, such as 
therapeutic enzymes, are fit-for-purpose.

In a typical biopharmaceutical manufacturing 
setting, QC is provided by a dedicated depart-
ment or unit, with highly-trained personnel. 
Clear, accurate recording of the work performed 
in QC is a critical part of the operation. Methods 
utilised for each therapeutic enzyme product are 
pre-specified and agreed with regulatory bodies. 
It is not usually permissible or possible to change 
a method or make changes within a method spon-
taneously subsequent to product licensure. Any 
changes require extensive development work and 
robustness studies to demonstrate equivalence 
prior to seeking regulatory approval for the 
method change. Likewise, agreed and appropri-
ate specification ranges (e.g. protein content must 
be within the range 10–20 mg/mL) will need to 
be set for the final product in order for release to 
the clinic or market. The QC methods also require 
validation, described in more detail below, to 
ensure that they provide reproducible and accu-
rate results.

Like the DSP of therapeutic enzymes, as 
described above, QC is conducted under the 
rules and regulations of GMP. This means, in 
addition to the factors previously described, 
that QC staff must be trained and qualified to 
run the methods, that the methods are run 
according to written and approved procedures 
(typically referred to as Standard Operating 
Procedures or SOPs), that methods performed 
are documented appropriately, and that there 
are controls in place to prevent mix-ups or con-
fusion between tests on different products or 
process stages. Any deviations to practice, pro-
cedure or results must be investigated and the 
investigation documented, with improvements 
to practice implemented if necessary. The 
chain-of-custody for analytical test samples 
must be documented and samples must be 
clearly identified and traceable. The QC unit 
must operate under the control of an overarch-
ing Quality Management System (QMS) 
designed to ensure that procedures and docu-
ments are recorded and kept up-to-date in an 
organised way.
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3.3.2  Types of Quality Control 
Methods for Therapeutic 
Enzymes

The primary purpose of QC testing, as described 
above, is to ensure the safety and efficacy of the 
therapeutic enzyme product. Methods used to 
analyse and release product in a QC setting are 
selected based on the capacity to answer these 
fundamental questions. However, it is possible 
to further subdivide the analytical methods up 
into more specific categories according to the 
characteristics of each method. One way of cat-
egorising QC methods, defined by the US FDA, 
arranges them according to fit in one of the fol-
lowing groups: Identity, Purity, Potency, 
Strength and Safety. These categories are dis-
cussed below along with a selection of the types 
of methods a typical QC laboratory may choose 
to employ.

Many QC methods rely on a comparison of 
the test material with a reference standard. Each 
time a new batch is manufactured, it will be mea-
sured using the QC release methods against the 
reference standard, and the results compared. 
There will be defined acceptance criteria for each 
QC method which must be met in order to release 
the batch. The reference standard is typically 
made from a standard manufacturing batch of the 
therapeutic enzyme drug product, and character-
ised using a selection of methods more extensive 
than those used for routine product release. For 
example, aggregate profile of each batch made 
during routine manufacture may be analysed 
using size-exclusion chromatography (SEC), but 
in addition to this, upon the introduction of a new 
batch of reference standard, additional orthogo-
nal methods such as analytical ultracentrifuga-
tion (AUC) may be employed. This is done in 
order to provide a high degree of assurance that 
the reference material is appropriate for the rou-
tine release of drug substance and drug product. 
The reference standard must be stored under con-
trolled conditions according to GMP procedures, 
and be monitored for stability under protocol at 
defined time intervals.

3.3.2.1  Identity Testing
The purpose of an identity test is to establish that 
the product batch contains the correct therapeutic 
enzyme. Therefore, an identity test needs to pro-
vide definitive proof that the enzyme, or the 
active ingredient of the drug, is the main compo-
nent or, at least is present in the batch. Results for 
identity tests are not normally numeric in nature; 
they will usually be a ‘pass’ or ‘fail’ result 
according to an agreed specification suitable for 
the test and validated before any product is 
released to the clinic or market.

A good example of an identity test for a thera-
peutic enzyme product would be a peptide- 
mapping method, either with or without mass 
spectrometry (Wei et al. 2005). In peptide map-
ping, the enzyme is degraded into peptides using 
a proteolytic enzyme (i.e., trypsin) under con-
trolled conditions. When the enzyme amino acid 
sequence is known, the proteolytic cut sites (and 
therefore, the peptides created) can be predicted. 
The resulting peptide digest is then analysed 
using Reversed-Phase High-Pressure Liquid 
Chromatography (RP-HPLC) or equivalent, to 
separate and quantify the peptides. Each digested 
enzyme or protein gives a specific peptide signa-
ture. In developing peptide mapping methods for 
a particular therapeutic enzyme, RP-HPLC cou-
pled with mass spectrometry (MS) is very useful 
in order to identify the various peptides. Once 
known, a given peptide’s HPLC retention time 
(or a collection of digested peptide elution times) 
may be very accurately predicted. In a QC set-
ting, the unknown (or test batch) peptide map 
would be compared against a known reference 
standard of the same product, with a threshold set 
(e.g.., >95% peptide similarity) for acceptance of 
the result as a positive identity test. An example 
of an ultraviolet (UV) absorbance peptide map-
ping chromatogram for a therapeutic enzyme, 
showing the peaks corresponding to various 
digested peptides, is depicted in Fig. 3.3.

Other analytical techniques may be equally 
valid as identity tests for therapeutic enzymes. 
For example, peptide mapping with LC-MS or 
MS/MS would provide further detail for an iden-
tity test, but the MS component may not be robust 
enough in a regulated, GMP environment like 
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QC. An N-terminal sequence (or Edman degra-
dation) against a reference standard for a defined 
number of residues could provide a proof of iden-
tity and also demonstrate protein integrity. 
Equally, a western blot of both the test item and 
reference standard, using an antibody specific to 
the therapeutic enzyme, would be a plausible 
identity test strategy.

3.3.2.2  Purity Testing
A biopharmaceutical product must be free of 
contaminating substances, whether they are 
product-related or derived from the manufactur-
ing process. The presence of substantial amounts 
of impurities may impact the performance of the 
drug in vivo, or cause unwanted and potentially 
serious side effects. Purity analysis is, therefore a 
critical QC activity during testing of the thera-
peutic enzyme product. The type of test employed 
for a purity measurement necessarily depends on 
the target analyte. An overview of selected impu-
rities and potential QC purity techniques is shown 
in Table 3.3.

Impurities may be product-related or process- 
related. Product-related impurities include those 
arising from the target enzyme, such as degrada-
tion products. Clipped or truncated forms of the 
enzyme are a good example of a product-related 
impurity. Process-related impurities are sub-
stances that may be used or present during manu-
facture but would normally be expected to be 
cleared or removed from the process stream to a 

Fig. 3.3 Example of 
peptide mapping UV 
Chromatogram

Table 3.3 Selected impurity types and associated mea-
surement techniques

Impurity type

Techniques used 
for purity 
assessment in 
QC References

Protein impurity SDS-PAGE, 
CGE, 
RP-HPLC

van Tricht et al. 
(2015)

Residual host cell 
protein

ELISA, 
LC-MS/MS

Wang et al. 
(2009)

Residual host cell 
DNA

Quantitative 
PCR, others

Lee et al. 
(2010) and Hu 
et al. (2014)

Antifoam, 
fermentation 
media 
components, 
protease 
inhibitors, etc.

RP-HPLC DiPaolo et al. 
(1999)

Aggregated 
enzyme

SEC-HPLC, 
AUC

Fekete et al. 
(2014) and 
Hong et al. 
(2012)

Truncated or 
clipped product 
forms

SDS-PAGE, 
CGE

Rustandi and 
Wang 2011

Methionine 
oxidised variants

RP-HPLC, 
LC-MS/MS

Torosantucci 
et al. 2014 and 
Houde et al. 
(2006)

Deamidated or 
other charge 
variants

cIEF, 
IEX-HPLC, 
CZE

Gervais, (2016) 
and Yao et al. 
(2018)

Glycosylation 
variants

RP-HPLC Shang et al. 
(2014)
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certain, acceptable level. Examples of process- 
related impurities may include other host cell 
proteins (HCP) (i.e., non-target enzyme) from the 
cellular expression platform, antifoaming agents, 
antibiotics, residual media components from fer-
mentation, and leachates from chromatography 
media (i.e., ligands from affinity columns). Each 
impurity, or potential impurity, that could be 
present in the final product should be covered by 
a purity method. In some cases, it may be possi-
ble to remove the need to test on a routine basis 
by validating, or risk-assessing the removal of 
certain components or impurities during process 
validation. Process validation for impurity 
removal is not covered in this chapter, but a good 
example is provided by Shukla and co-workers 
for HCP (Shukla et al. 2008).

Enzyme variants with post-translational modi-
fications, such as methionine oxidation, 
 asparagine or glutamine deamidation, and changes 
to glycosylation patterns, may also be considered 
as product-related impurities. However, the exact 
definition of these forms depends highly on the 
particular therapeutic enzyme product and will 
vary on a case-by-case basis. In some cases, post- 
translationally modified forms of the target 
enzyme may be considered as part of the product, 
if certain criteria are met. One of these criteria is 
that on a batch-to-batch basis, the modified forms 
would need to be present in a consistent ratio rela-
tive to the unmodified product. Further, during 
pre-clinical and/or clinical testing the modified 
forms may be demonstrated to have the same effi-
cacy, safety and potency as the unmodified 
enzyme. Some enzyme products may only be 
acceptable as one chemical form with uniform 
post-translational modification profile, and for 
others, a collection of forms or variants may be 
considered together as the product. For example, 
deamidated forms of Erwinia chrysanthemi 
L-asparaginase were found in  vitro to have the 
same activity and characteristics as the wild-type 
enzyme (Gervais and Foote 2014), supporting the 
hypothesis that these forms, if present, could be 
considered as part of the product. For the pur-
poses of this chapter, we consider only the case 
where post-translationally modified forms of the 
target enzyme are product-related impurities.

The workhorse of biopharmaceutical purity 
testing is high-performance liquid chromatogra-
phy (HPLC). In a QC environment, HPLC has 
the added benefits of similarity of equipment and 
procedures across a wide range of functions and 
column chemistries, making it ideal for this high- 
pressure environment. HPLC is also straightfor-
ward to validate and maintain compliance with 
regulatory guidance (Epshtein 2004). HPLC is 
used in a variety of forms for protein analysis. 
Differences in enzyme charge, as well as charge 
variants, may be analysed using ion-exchange 
(IEX) HPLC (Fekete et  al. 2015). RP-HPLC, 
described earlier in the context of peptide- 
mapping identity methods, may also be used for 
intact protein analysis to quantify oxidised (i.e., 
methionine or tryptophan oxidised) forms and 
small amounts of non-target protein impurities 
(Yang et al. 2007). RP-HPLC may also be used to 
measure and analyse the presence and nature of 
glycosylation moieties in the enzyme (Shang 
et al. 2014). Away from product-related species, 
HPLC may be used to accurately measure resid-
ual process-related impurities, such as antifoam 
added during fermentation, to ensure that such 
materials are reduced to below a threshold value 
during processing.

Apart from HPLC, a variety of methods may 
be employed for biopharmaceutical purity test-
ing. SDS-PAGE, a relatively low-resolution tech-
nique, is still used to determine the in-process 
level of non-target protein impurities (Gervais 
et al. 2012). However, the more quantitative cap-
illary gel electrophoresis (CGE), is now replac-
ing traditional SDS-PAGE in the modern QC 
laboratory (van Tricht et al. 2015). Other capil-
lary electrophoresis techniques, such as capillary 
isoelectric focussing (cIEF) for protein charge 
variants (analogous to IEX-HPLC) (Rodriguez- 
Diaz et al. 1997), and capillary zone electropho-
resis (Dolnik 1997), are also gaining traction in 
the biopharmaceutical QC laboratory for impu-
rity measurements.

Quantitation of protein-protein aggregates is 
another critical area for biopharmaceutical QC 
testing. Such aggregates are usually present in 
pharmaceutical preparations of proteins and 
enzymes, and a small quantity is usually tolerable. 
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However, increased amounts of aggregate may 
enhance or accelerate the chance of undesired 
immunological reactions in the patient (Ratanji 
et al. 2014), or cause formation of anti- drug anti-
bodies (ADAs) which may negate the efficacy of 
the drug. Size-exclusion chromatography (SEC or 
SEC-HPLC) is typically and routinely used to 
assess the content of protein-protein aggregation, 
as it is relatively simple to use, normally uses the 
same laboratory equipment for other HPLC tech-
niques, and is reproducible (Fekete et al. 2014). 
Ideally there should be no interaction of the ana-
lyte protein with the resin matrix surface, as the 
differential migration of proteins through the col-
umn is created solely by the relationship between 
the size of each protein species and the pore struc-
ture of the column matrix. Thus, the choice of col-
umn matrix for SEC-HPLC may be quite 
important, as certain proteins (particularly those 
with a high isoelectric point) may partially bind to 
certain chromatography resins with a negative 
overall surface charge (i.e., uncoated silica), cre-
ating artefacts in analysis (Gervais et al. 2017).

The presence of residual DNA in the biophar-
maceutical product also forms an important part 
of QC release testing. The World Health 
Organisation and US FDA have issued regulatory 
guidance on the level of residual DNA (<10 ng/
dose) that is acceptable in biologic products 
(Yang 2013). The reason for this tight specifica-
tion for residual DNA is based on the theoretical 
risk of certain nucleic acid sequences (e.g., onco-
genes) posing a health risk to the patient receiv-
ing the therapeutic enzyme. Therefore, the DSP 
for a therapeutic enzyme must be able to achieve 
these levels, and analytical methods must have a 
limit of detection (LOD) appropriate to measure 
these levels in the final product. The most com-
mon DNA testing method used in a QC setting is 
the real-time polymerase chain reaction 
(RT-PCR) or quantitative PCR (qPCR), but other 
methods are also used (Wang et al. 2012).

Similarly to residual DNA, residual levels of 
host-cell proteins (HCP), not detectable by SDS- 
PAGE or other common techniques, must also be 
determined and demonstrated to pass an appro-
priate specification (Wang et  al. 2009). Typical 

levels of HCP present in finished biologic drugs 
are of the order of ng HCP per mg of therapeutic 
protein, and higher-than-intended levels of HCP 
in the enzyme DP may possibly be toxic or cause 
undesired immunological reactions in the patient. 
Sensitive measurement techniques are therefore 
used in QC for HCP detection and quantitation 
(Tscheliessnig et al. 2013), and most commonly, 
the enzyme-linked immunosorbent assay or 
ELISA (Zhu-Shimoni et al. 2014). In an ELISA 
method, the antibodies used are critical to the 
success of the assay. Therefore, it is important 
during development of an HCP ELISA to demon-
strate that the polyclonal antibodies used for the 
assay provide appropriate coverage of the expres-
sion organism’s proteome. The use of two- 
dimensional gel electrophoresis (2D-GE) (Jin 
et al. 2010) combined with western blotting for 
assessment of antibody coverage in HCP ELISA 
is becoming the regulatory expectation. Among 
the non-ELISA approaches to HCP measure-
ment, most notable is mass spectrometry 
(Schenauer et al. 2012).

3.3.2.3  Potency Testing
Potency, or strength testing, is critical to the safe 
delivery of a medicinal product. Obviously, the 
clinician overseeing or administering the product 
has to ensure that the correct amount of active 
pharmaceutical ingredient is delivered to the 
patient. An overdose can be toxic or fatal, and a 
lower-than-intended dose may cause a lack of 
efficacy of the drug. Potency may be measured 
by a number of different means for pharmaceuti-
cal products, and normally the unit of dose (i.e. 
milligrams, etc.) would be established during 
testing of the product in clinical trials.

For therapeutic enzymes, the usual measure-
ment of potency is enzyme activity, which is typi-
cally defined in terms of units. One unit of 
enzyme is described as the amount of enzyme 
required to catalyse the reaction of a certain 
amount of substrate in a given time. For example, 
one unit of L-asparaginase is defined as the 
amount of enzyme required to catalyse the hydro-
lysis of 1 μmol of L-asparagine in 1 min (Broome 
1968). The temperature used for measurement of 
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the enzymatic reaction is normally specified in 
the definition of a unit of activity, and it is usual 
to refer to units as ‘international units’ or IU 
when performing enzyme activity analysis under 
controlled conditions.

The design of an activity method for a thera-
peutic enzyme is highly dependent on the reac-
tion that the enzyme catalyses. Thus, enzyme 
activity methods vary on a case-by-case basis. 
For some therapeutic enzymes such as glucocer-
ebrosidase, a fluorescent analogue of the normal 
substrate may be used for the in  vitro activity 
measurement (Shaaltiel et  al. 2007). Other 
enzymes may create a product from the enzy-
matic reaction that may be measured. For exam-
ple many dehydrogenases utilise cofactors such 
as NAD or NADP, whose reduced forms can be 
followed spectrophotometrically. Measurement 
of L-asparaginase activity is typically based on 
the Nessler reaction and the ability to measure 
liberated NH3 from the hydrolysed L-asparagine. 
Yao and co-workers described a robustness 
study on L-asparaginase activity measurement 
using a design of experiments (DOE) approach 
(Yao et al. 2016). In most cases, the activity of 
the test batch of therapeutic enzyme would be 
measured against a known reference standard, 
as described above.

In addition to enzyme activity, the specific 
activity of the enzyme is often determined in QC. 
Specific activity is defined as the enzyme activity 
per unit mass of protein; typical units for specific 
activity would be enzyme units per mg protein (U/
mg). The specific activity provides a crude mea-
surement of enzyme purity; contaminating pro-
teins would lead to a lower specific activity value 
in crude product intermediates. In order to mea-
sure specific activity, it is necessary to measure 
the protein content of a sample. Standard spectro-
photometric or colorimetric protein assays, such 
as the methods of Lowry, the BCA method, or 
others, would be employed for these (Noble et al. 
2007). Whether specific activity, enzyme activity, 
or both are used to assess potency, the accuracy of 
the method(s) used is very important and should 
be stringently assessed and qualified during devel-
opment and method validation.

3.3.2.4  Safety Testing in QC
First and foremost, therapeutic enzymes and bio-
pharmaceuticals must be safe and do no harm to 
the patient. As part of the assurance of product 
safety, the absence of adventitious substances 
(i.e., endotoxins) and organisms (i.e., bacteria) 
must be established during QC testing. Generally, 
methods for these analytes are specified in com-
pendial registers (e.g., the US Pharmacoepia, 
www.usp.org) and accepted as standard by regu-
latory agencies. A summary is provided, below, 
of the major types of safety testing that may be 
required in a therapeutic enzyme product.

The term bioburden refers to the amount or 
quantity of microorganisms (including bacteria, 
fungi and yeasts) in a non-sterile sample. 
Biologics manufacture typically occurs in two 
states: aseptic or pre-sterile filtration. Aseptic 
processing areas are costly to build and maintain, 
so generally manufacturers only use aseptic pro-
cessing for the latter stages of a process, with a 
sterile filtration step carried out prior to steps in 
aseptic areas. In the non-sterile areas of the man-
ufacturing plant, it is accepted that a degree of 
bioburden will be present, but this must be under 
control. The absence of certain types of microbes 
or known pathogens (lists of which are available 
from various regulatory agencies) must still be 
demonstrated in non-sterile product streams, and 
rigorous investigations and preventative actions 
performed if any are detected.

For non-sterile processing steps and manufac-
turing areas, bioburden testing (Hentz 2013) is 
routinely used to monitor levels of microorgan-
isms in the product intermediate streams, and 
may be very important to understand root causes 
of contamination should a failure occur down-
stream. Bioburden testing is also used to assess 
the quality of the facility water systems, of the air 
handling system (HVAC) and particulate matter 
in the manufacturing suite, of the gowning proce-
dures and hygiene of personnel, and other 
aspects. In bioburden testing, a sample of the 
product or water is taken and grown on sterile 
media in a controlled QC environment. Results 
are typically reported in terms of colony-forming 
units (CFU) per volume of the original sample. 
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Sterility testing is essentially the same as biobur-
den testing, but with more stringent procedures 
and specifications (i.e., the sample is only consid-
ered sterile if no CFU are found).

Endotoxins are lipopolysaccharide-based 
molecules derived from the outer membrane of 
gram-negative bacteria. They are highly immu-
nogenic and pyrogenic in humans and animals 
and administration of endotoxin along with a bio-
pharmaceutical product may result in fever, sep-
sis, or death. Many cellular expression platforms 
are based on gram-negative organisms (e.g. E. 
coli), where endotoxin is a particular concern; 
however, endotoxin may be present in any bio-
pharmaceutical preparation due to contamination 
of a product intermediate or final product with 
bacteria. Endotoxin, therefore, must be rigor-
ously controlled and tested for in a QC environ-
ment (Dullah and Ongkudon 2017). There are 
compendial methods (from the US Pharmacoepia, 
European Pharmacoepia, and others) for endo-
toxin measurement. Most of these involve a 
method known as the Limulus Amoebocyte 
Lysate (LAL) test, which can detect very low lev-
els (ca. 0.01 endotoxin units (EU) per mL) but 
other methods also exist. It is worth mentioning 
that, particularly for those products manufac-
tured using gram-negative bacteria, that DSP 
steps must be capable of endotoxin clearance to 
regulatory-acceptable levels. In these cases, 
endotoxin testing may be an important part of 
process design during the development phase. As 
endotoxin typically carries a negative overall 
charge, anion-exchange chromatography steps 
during DSP are one good strategy to achieve 
endotoxin removal.

For those products produced using mamma-
lian cell lines or cell cultures, viral safety is 
another important factor. Cell lines may contain 
or become infected with adventitious viruses, 
which could theoretically end up in the final 
product. While QC viral testing of finished prod-
ucts is possible (Darling et al. 1998), it may be 
complex and time-consuming, so manufacturers 
tend to design DSP steps for viral clearance and 
validate the removal of some or all viruses from 
the product (Darling 2002). Some steps that are 
used for viral clearance during DSP include viral 

inactivation (using low-pH, sodium caprylate, 
and others) (Farshid et  al. 2005), ion-exchange 
chromatography, and viral filtration steps 
(Burnouf et  al. 2005). One strategy for virus 
removal validation involves taking samples from 
a manufacturing run, spiking it with a panel of 
viruses in a controlled laboratory, and conducting 
scale-down DSP models to show removal (Valera 
et al. 2003).

3.3.2.5  Analytical Characterisation
Certain analytical techniques may be employed 
during biopharmaceutical production and devel-
opment, but not used as part of the product speci-
fication to release material to the clinic. These 
types of tests, which would be outside the valida-
tion or GMP envelope of the quality or QC sys-
tem, are referred to as characterisation methods. 
Characterisation methods may be difficult to 
validate in a GMP environment due to inherent 
variability of the method, whilst still providing 
useful information for the organisation (Razinkov 
et al. 2013). The results of such methods would 
typically be classified as ‘for information only’ 
and, unlike a release test, would not be compared 
against a specification range. The results of char-
acterisation methods may be useful to the manu-
facturer to track process performance or provide 
further information to a technical support group. 
Such methods must be clearly indicated and 
communicated as ‘not for release of product’, 
and may be performed either by a QC unit, or 
more typically by a development or technical 
support unit. Typical characterisation techniques 
include biophysical methods that were used dur-
ing product development but not included on the 
release specification, such as surface plasmon 
resonance (SPR) or isothermal titration calorim-
etry (ITC) which are continued after licensure for 
monitoring purposes (Holdgate et al. 2013). For 
some products, the determination of enzymatic 
constants, such as the Michaelis constant (KM) or 
catalytic constant (kcat), may be classed as charac-
terisation methods, but for others these measure-
ments will form part of the release specification. 
Other examples of characterisation methods may 
include structural methods designed to under-
stand the presence of disulphide bonds within the 
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enzyme (Zhang et al. 2011), if not detected using 
other means described above such as SDS-PAGE 
or SDS-CGE.

3.3.2.6  Stability Testing
Therapeutic enzyme products must be stable 
upon storage, both as a bulk DS prior to formula-
tion and as a final product in the vial. This is criti-
cal to ensure that the patient receives the drug as 
it was intended and not in a degraded or altered 
state. Although some degree of change in product 
quality over time is inevitable for protein thera-
peutics, any allowable change must not affect the 
overall efficacy or utility of the product in the 
clinic. The company or manufacturer must gener-
ate the necessary data to demonstrate that the 
product is stable over a specified time period 
under controlled storage conditions. Therefore, 
stability testing is an important part of biophar-
maceutical development and production.

Manufacturers may choose to place each 
product batch on stability testing or just a selected 
number of batches, depending on the standard 
procedures and protocols used by the organisa-
tion. Typically, the release methods used for the 
therapeutic enzyme, or a subset thereof, (in the 
categories described above, purity, identity, 
safety) are used for stability testing. Stability 
testing is normally conducted by the QC unit of 
the manufacturing organisation. Certain methods 
are classed as stability-indicating (i.e., deter-
mined during stress testing during development) 
and would be included in the stability specifica-
tion for the product. Acceptance criteria for a 
stability-indicating method may be wider than 
those for product release at the time of manufac-
ture, as some change may be expected in the 
method over time. For sterile products, it is usu-
ally necessary to include periodic sterility tests at 
certain time intervals during stability testing. 
Stability testing may be conducted in so-called 
real time conditions (i.e. at the intended storage 
temperature and humidity) or at accelerated con-
ditions (i.e., at higher-than intended storage tem-
perature, humidity or both). Theoretically, 
accelerated conditions are used to demonstrate 
any potential changes sooner than real-time test-
ing, but data from accelerated conditions must be 

interpreted with caution, as the changes may not 
truly reflect what would occur in real-time 
storage.

3.3.3  Method Lifecycle 
Management

As for all processes, the lifecycle of analytical 
QC methods must be managed. The concept of 
lifecycle management of processes encompasses 
all phases of the process over time, from initial 
design and concept to development, implementa-
tion, monitoring and finally, retirement. Lifecycle 
management is of increasing interest in the indus-
try, and particularly in the context of analytical 
methods (Parr and Schmidt 2018). Results from 
QC methods may drift over time due to extrane-
ous factors such as changes in laboratory staff, 
changes in equipment, reagents, or consumables, 
environmental issues and other factors.

Particular phases of lifecycle management 
that are of note in the context of QC analytical 
methods include the development and monitor-
ing phases. As described above, QbD is a set of 
techniques that may be used to improve the 
robustness of processes in the pharmaceutical 
industry. These approaches may also be applied 
to analytical methods (Hubert et  al. 2015) in 
order to generate the most robust method possi-
ble. While method validation is important 
(Taverniers et  al. 2004), the robustness of a 
method is also critical as unexplained or spurious 
results in a QC context may result in problems 
with regulatory bodies or release of product. 
Thus, continuous method monitoring must be 
performed by the QC unit to ensure that perfor-
mance of the method is consistent over time.

3.4  Examples of Therapeutic 
Enzyme Bioprocessing 
and QC

In order to illustrate the principles and strategies 
discussed above, a number of examples, describ-
ing licensed enzyme products, are presented in 
this section.

3 Quality Control and Downstream Processing of Therapeutic Enzymes



72

3.4.1  Taliglucerase Alfa or 
Glucocerebrosidase

Enzyme-replacement therapy (ERT) is used to 
treat mostly rare genetic and metabolic disorders 
that cause a lack of a certain enzyme in the patient. 
Gaucher’s Disease (GD) is a genetic condition 
also referred to as lysosomal storage disorder, 
caused by a lack of the enzyme acid β-glucosidase 
(ABG) in humans (Grabowski et  al. 2014). 
Patients with GD have an accumulation of ABG 
substrates in a variety of tissues, which leads to 
symptoms and problems primarily with bone and 
bone marrow and the central nervous system 
(CNS). As a 56  kDa (unglycosylated molecular 
weight) glycoprotein with  post- translationally 
added glycosylation at various sites, ABG cannot 
be expressed in bacteria and must be manufac-
tured using cell culture. The structure (Fig. 3.4) of 
ABG was reported in the literature (Dvir et  al. 
2003) with the active site and catalytic mecha-
nism understood, and the glycosylation sites of 
ABG were also elucidated (Hermans et al. 1993).

Several companies have developed and manu-
factured ABG for clinical ERT in humans. The 
glycosylation of recombinant ABG is critical for 
the efficacy of the drug (Grabowski et al. 2014), 
with terminal mannose glycan moieties neces-
sary to mediate uptake of the enzyme by tissue 
macrophages. Earlier, the companies Genzyme 
(Boston, MA, USA) and Shire (Dublin, Ireland) 
had developed versions (Imiglucerase and 
Velaglucerase alfa, respectively) of ABG with the 
correct mannose-terminated glycosylation. These 
versions were produced in mammalian cell lines, 
and required post-expression alteration of the 
glycans with exoglycosidase enzymes to expose 
the important mannose residues at the end of 
each glycan chain (Tekoah et al. 2013).

A new version of ABG, taliglucerase alfa, was 
approved recently for human clinical use. 
Taliglucerase alfa is marketed as Elelyso® and 
produced by Protalix (Israel) and Pfizer (United 
States). Taliglucerase alfa is notable as the first 
approved biologic product to be produced in 
plant cells. The enzyme is expressed in a bioreac-
tor using Daucus carota (carrot root) cells in a 
suspension culture, with a plasmid encoding the 
taliglucerase alfa gene and a kanamycin selection 
marker (Grabowski et  al. 2014). Expression in 
plant cells shares some advantages in terms of 
design of growth media and costs with bacterial 
expression system, but unlike bacteria, plant cells 
enable N-linked glycosylation of the expressed 
protein. In the case of Elelyso, the carrot cell 
expression system achieves removal of the end 
residues from the N-linked glycosylation sites, 
exposing the mannose glycan residues critical for 
ABG function without the use of exogenous exo-
glycosidase treatment during DSP.

While many cell-culture based proteins and 
enzymes are secreted into the growth medium, 
this was not an option for taliglucerase alfa. The 
reason for this is the need for mannose- terminated 
glycans to enable uptake in  vivo by the target 
(GD) cells. Secreted proteins have different gly-
can termination residues, which would disable 
uptake of the ABG by the receptor cells. Thus, a 
vacuole-based accumulation within the host (car-
rot) cells was engineered into the taliglucerase 
alfa expression system, as the vacuole-targeted 

Fig. 3.4 Crystal structure of human ABG. The structure 
was rendered using Chimera 1.9 (Pettersen et  al. 2004) 
and PDB entry 1OGS (Dvir et al. 2003)
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expression resulted in high terminal mannose 
content on the glycan chains (Tekoah et al. 2015).

DSP for taliglucerase alfa was designed 
around the intracellular accumulation of the 
product (Tekoah et al. 2015). The recovery of the 
product from the host plant cells is a critical part 
of the DSP, and development of the taliglucerase 
alfa DSP had to take into account the presence of 
the relatively difficult-to-break-down plant cell 
wall. Several strategies for extraction and recov-
ery of proteins from plant cell expression sys-
tems, including freeze-thaw cycles, detergents, or 
grinding strategies, have been developed recently 
(Hassan et al. 2008). After extraction of taliglu-
cerase alfa from the carrot cells using the deter-
gent Triton X-100 (Shaaltiel et  al. 2007), the 
waste cell mass is removed and the product puri-
fied using column chromatography steps includ-
ing cation-exchange and hydrophobic interaction 
chromatography (Shaaltiel et  al. 2007; Tekoah 
et al. 2015).

From a QC point of view, the most critical fea-
tures of taliglucerase alfa are the enzyme activity 
and the glycosylation patterns, including the ter-
minal mannose content of the enzyme. The gly-
cosylation profile of taliglucerase alfa was 
characterised extensively using MALDI MS 
(Shaaltiel et  al. 2007). Glycan sequencing was 
carried out by exoglycosidase treatment to 
remove the glycan structures and perform 
sequential digestion before reversed-phase HPLC 
analysis. Batch-to-batch consistency of the gly-
cosylation profile of taliglucerase alfa has been 
demonstrated to be highly reproducible (Tekoah 
et al. 2015). In addition to analysis of glycosyl-
ation, the enzymatic activity of taliglucerase alfa 
is studied using a fluorescent substrate analogue, 
with activities and enzymatic constants (i.e., Vmax 
and KM) comparing very well with competitor 
products such as imiglucerase.

Although special considerations were 
required for the production of taliglucerase alfa 
due to the plant expression systems, it is clear 
that the developed process results in a highly 
reproducible, efficacious product. As a case 
study, taliglucerase alfa is a trailblazing prod-
uct that paves the way for future plant-expressed 
products to be developed. The possibility of 

further such products seems likely, with purifi-
cation of proteins from plant cells attracting 
increasing interest in the biopharmaceutical 
field (Wilken and Nikolov 2012).

3.4.2  L-Asparaginase Erwinia 
chrysanthemi

L-asparaginase is used to treat Acute lympho-
blastic leukaemia (ALL), the main type of cancer 
affecting children. L-asparaginase for human 
clinical use is derived from one of two sources: 
Escherichia coli or Erwinia chrysanthemi. Since 
the late 1960s, Erwinia chrysanthemi 
L-asparaginase (formerly referred to as Erwinia 
carotovora L-asparaginase, marketed as 
Erwinase® or Erwinaze®) has been produced 
from bacterial strain NCPPB 1066 (Buck et  al. 
1971; Minton et  al. 1986) at Porton Down, 
UK.  Erwinase® is currently manufactured by 
Porton Biopharma (Porton Down, UK), and sold 
worldwide by Jazz Pharmaceuticals (Dublin, 
Ireland). In the past few years, Erwinase® has 
been the subject of an extensive validation 
(Gervais et al. 2013) and product characterisation 
exercise. Erwinia L-asparaginase is a homotetra-
mer consisting of four identical 35 kDa subunits. 
It is not a recombinant product; it is made from 
the native organism under controlled fermenta-
tion conditions. The crystal structure of Erwinia 
L-asparaginase has been solved (Aghaiypour 
et  al. 2001) and shows the tetrameric nature of 
the enzyme (Fig. 3.5).

The Erwinase® manufacturing process 
(Fig. 3.6) involves growth of the host organism 
using fermentation, cell lysis and extraction of 
the crude enzyme preparation, DSP purification 
of the enzyme, and formulation and lyophilisa-
tion to make the final product. Between process-
ing stages, the intermediates of Erwinase® are 
stored frozen at −20 °C, in order to facilitate flex-
ibility in the manufacturing schedule. The DSP 
(Fig.  3.6b) involves a multi-step process which 
includes both anion- and cation-exchange chro-
matography, ammonium sulphate precipitation, 
crystallisation and dialysis to manufacture 
DS. The capacity of the DSP to remove protein 
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contaminants may be observed by comparing the 
reducing SDS-PAGE impurity profile of a cation- 
exchange intermediate with the final DS 
(Fig.  3.7). The Erwinase® DSP successfully 
underwent process validation in recent years, 

confirming the process robustness for routine 
biopharmaceutical production. In addition, sup-
portive laboratory studies (Gervais and Foote 
2014) have been carried out to understand the 
impact of certain post-translational changes, such 
as deamidation, on the activity of the enzyme. 
These studies have proved invaluable in interac-
tions with various regulatory agencies.

The set of QC methods used in the production 
of Erwinase® has evolved over the long history of 
the product. For example, older purity-indicating 
methods, such as cellulose-acetate membrane 
electrophoresis, were replaced with newer, more 
robust techniques (i.e., SDS-PAGE using com-
mercial pre-cast gels and buffers) that could be 
validated in a QC environment (Fig. 3.7). In addi-
tion, new methods were introduced, such as 
HPLC-based methods, to provide high-resolution 
assessment of batch purity. SEC-HPLC methods 
were developed to fully quantitate the aggregate 
profile of Erwinase®, which includes both dimeric 
species and higher-order (i.e. trimeric and above) 
aggregates (Gervais et  al. 2017). Ion-exchange 
HPLC is used to quantitate charge variants, 
which in Erwinase® were shown to include both 
deamidated species and slight conformational 
variants (Gervais et  al. 2015). Erwinase is QC 
released against the results from RP-HPLC for 
the measurement of methionine oxidation, and a 
peptide mapping method is used for an identity 
test. The release tests currently used for DS pro-
duction were briefly discussed previously 
(Gervais et al. 2013).

In summary, Erwinase® is an excellent exam-
ple of a therapeutic enzyme used in a different 
clinical context, oncology. Compared to the first- 
line E. coli therapy, Erwinase® provides a differ-
ent immunologic profile and is therefore an 
important drug in ALL protocols.

3.4.3  Asfotase Alfa

Asfotase alfa is an enzyme fusion protein devel-
oped to treat hypophosphatasia (HPP) in infants. 
HPP is caused by a genetic mutation that results 
in a lack of the enzyme tissue-nonspecific alka-
line phosphatase (TNALP). Bone growth and 

Fig. 3.6 Production Process for Erwinia chrysanthemi 
L-asparaginase (Erwinase®). (a) Overall Process. (b) DSP. 
(Reprinted with permission from Gervais et al. 2013)

Fig. 3.5 Crystal Structure of Erwinia chrysanthemi 
L-asparaginase. Each identical subunit in the tetrameric 
structure is depicted using a separate colour. The structure 
was rendered using Chimera 1.9 (Pettersen et  al. 2004) 
and PDB entry 1HG1 (Aghaiypour et al. 2001)
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mineralisation are critically dependent on the 
breakdown of an inhibitor, pyrophosphate. In 
healthy individuals, TNALP is involved in the 
breakdown of pyrophosphate, so babies with the 
genetic deficiency accumulate pyrophosphate, 
resulting in rickets and problems in bone forma-
tion. Prior to the introduction of Asfotase alfa, the 
mutation was often fatal, as there was no other 
treatment (Millàn and Whyte 2016). The rare 
nature of HPP led to Asfotase alfa being granted 
orphan drug status in the US, Japan and the EU.

Asfotase alfa is marketed by Alexion 
Pharmaceuticals (New Haven, USA) under the 
name Strensiq®. As a fusion protein, Asfotase 
alfa is distinct from many other therapeutic 
enzymes and from those discussed in Sects. 3.4.1 
and 3.4.2 above. Asfotase alfa is a dimeric fusion 
glycoprotein, consisting of two identical 
726- residue polypeptide chains. The protein has 
six N-linked glycosylation moieties on each pro-
tein monomer, and has two inter-chain disulphide 
bridges holding the two monomers together in 
dimeric form. Starting with the N-terminus, the 
fusion protein consists of a soluble form of 

human TNALP followed by the constant (Fc) 
region of human IgG1, with a c-terminal deca- 
aspartate (Asp10) sequence. The structure of 
Asfotase alfa is depicted in cartoon form in 
Fig. 3.8. The C-terminal sequence of ten aspartic 
acid residues may enable Asfotase alfa to bind to 
bone tissue to facilitate biological activity (EMA 
Strensiq Public Assessment Report 2015). 
Asfotase alfa is expressed in CHO cell culture, 
with the protein secreted into the growth medium.

The DSP for Asfotase alfa is distinct from 
other therapeutic enzyme products, due to the 
presence of the IgG1 Fc domain. This domain 
allows affinity purification of the enzyme 
fusion directly from the CHO cell culture 
supernatant. A Protein A column (Millàn et al. 
2008) facilitates binding of the Fc region, and 
elution is achieved by modulation of 
pH. Although the Protein A step is likely to be 
the workhorse of the Asfotase alfa purification 
process, a series of further chromatography 
steps are used along with a viral inactivation 
step, virus filtration step, and sterile filtration. 
Asfotase alfa is stored as a DS at an elevated 

Fig. 3.7 SDS-PAGE QC Analysis of Erwinase® at the Intermediate and DS (Drug Substance) Stages. (Reprinted with 
permission from Gervais et al. 2013)
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protein concentration of approximately 
100 mg/mL. (EMA Strensiq Public Assessment 
Report 2015).

The approach to QC and release of the DS for 
Asfotase alfa reflects the complexity of the mol-
ecule. Enzyme activity is measured in vitro using 
several different methods, including the activity 
of soluble enzyme against an inorganic phos-
phate substrate, a bound (to hydroxylapatite via 
the deca-aspartate region) enzymatic activity 
assay, and the determination of kinetic constants, 
such as KM and kcat. Purity assessment follows a 
standard protocol for therapeutic enzymes. 
Chromatographic methods such as SEC-HPLC 
for aggregate quantitation and ion-exchange 
HPLC for charge variant quantitation are used, 
and residual HCP and DNA are measured (EMA 
Strensiq Public Assessment Report 2015). The 
stability of the DS was also rigorously 
demonstrated.

Compared to more standard therapeutic 
enzymes such as those discussed in Sects. 3.4.1 
and 3.4.2, Asfotase alfa represents a different 
class of product. The fusion of the catalytic 
enzyme domain with a domain of human IgG 
facilitates easier purification, using a Protein 
A-based protocol similar to the platform approach 

widely used in the monoclonal antibody area. It 
is anticipated that this type of fusion-protein 
approach, greatly simplifying the molecule’s 
DSP, will be taken up more broadly in the future 
for similar products.

3.4.4  Future Outlook: New Products

Innovation in therapeutic enzyme development 
and production has consistently evolved over the 
past decades, and is likely to continue to do so. In 
recent times, enzyme product development has 
taken cues from the wider protein biotherapeutic 
area, with methods common to monoclonal anti-
bodies (mAbs) (such as Protein A chromatogra-
phy) now being used for enzyme fusion protein 
purification. Improvements in removing 
unwanted immunogenicity, through improve-
ments in achieving correct patterns of glycosyl-
ation within the production host cell, will also 
continue to be a focus area going forward.

Antibody-drug conjugates (ADCs) are an evo-
lution of mAbs, where cytotoxic small-molecule 
drugs are covalently bound to antibodies for tar-
geted delivery of potent drugs to the intended cell 
in vivo. Although certain conjugates (e.g., poly-
ethylene glycol or PEG) of enzymes are common 
in the industry, it is possible that the enzyme-drug 
conjugates will also be developed. Such enzyme- 
drug conjugates may have the advantage of 
increasing the half-life of the cytotoxic com-
pound. Another possibility is targeted enzyme 
delivery using antibody-enzyme conjugates.

An important and emerging area in the bio-
pharmaceutical industry is the rise of personalised 
medicine and cellular therapies. The cost of these 
therapies is currently prohibitive for many routine 
applications, but in future it is possible that 
enzyme delivery to the patient will occur through 
such cell therapies. Gene-edited autologous cells 
could be isolated from tissues, engineered to 
express the enzyme of interest, and re-introduced 
into the same patient. Although such concepts 
may still be years or decades away, they may 
eventually become cost-effective and replace 
established standards of care in the therapeutic 
enzyme arena, such as ERT.  Biopharmaceutical 

Fig. 3.8 Representation of Asfotase alfa Structure. The 
mature protein forms a homodimer held together by two 
disulphide bonds
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companies will therefore have to evolve and 
respond to these challenges over time to ensure 
that patients and shareholders alike are to benefit.

3.5  Concluding Remarks

Therapeutic enzymes, whilst occupying a rela-
tively small overall part of the global biologics 
area, are important both clinically and commer-
cially. A vast array of therapeutic enzymes, for 
the treatment of a variety of human diseases, are 
currently approved and on the market. In some 
cases, enzyme therapeutics and ERT are the only 
treatment for these diseases. The production 
methods, including protein cellular expression 
platforms, continue to evolve and are becoming 
more complex over time, so DSP and QC meth-
ods must also develop and respond to these 
challenges.

Enzyme products are distinct from others in the 
sector, including mAbs. In the design of DSP strat-
egies for therapeutic enzymes, care must be taken 
so that the enzymatic activity, the critical feature of 
the enzyme, is preserved. QC methods must be 
appropriately designed and maintained over the 
lifetime of the product to effectively enable release 
and stability assessment of each product according 
to current regulatory guidelines. Further particular 
challenges around the development of enzyme 
products include measurement of the catalytic 
kinetics of the molecule and avoiding inactivation 
of the enzyme. Biopharmaceutical companies 
must tailor their procedures and strategies to 
account for these differences during manufactur-
ing, development and QC.
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Abstract
Enzymes are key biological macromolecules 
that support life by accelerating the conver-
sion of target molecules to desired products in 
many biochemical reactions. Enzymes are 
characterized by high affinity, specificity and 
great catalytic efficiency. Owing to their 
unique characteristics, enzymes have attracted 
significant attention for use in therapeutic set-
tings as a distinct class of drugs different from 
other types of medicines. Enzyme-based ther-
apies are currently in use for the treatment of a 
wide range of diseases, including leukemia, 
metabolic disorders, inflammation and cardio-
vascular disease. However, several challenges, 
such as immunogenicity and stability, remain. 
X-ray crystallography has provided key struc-
tural insights into the understanding of the 
molecular basis of diseases and development 
of enzyme-based therapies. Here, the role of 
X-ray crystallography in the development of 
therapeutic enzymes is examined and several 
examples are provided.
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SGSH N-sulfoglucosamine sulfohydrolase
tPA Tissue plasminogen activator
uPA Urokinase-type plasminogen 

activator

4.1  Introduction

Enzymes are essential biological macromole-
cules that support life by catalyzing many bio-
logical processes. They are characterized by 
unique properties, such as specificity, high affin-
ity and catalytic efficiency, which make them dif-
ferent from other biological macromolecules. 
Owing to their properties, enzymes have attracted 
considerable interest for use as novel pharmaceu-
tical agents in a variety of diseases, including 
cancers, autoimmunity, inflammation, bacterial 
infections, and metabolic disorders.

The concept of therapeutic enzymes was 
introduced in the 1960s by Christian de Duve 
(Desnick and Schuchman 2012) as part of 
replacement therapies for genetic deficiencies. 
The first genetically-engineered enzyme drug, a 
recombinant tissue plasminogen activator known 
as alteplase, was approved by the Food and Drug 
Administration in the U.S.A in 1987 (Activase®). 
Later, many cardiovascular enzymes were devel-
oped and approved by the USFDA.  In 1990, 
Adagen, a form of bovine adenosine deaminase 
(ADA) conjugated with polyethylene glycol 
(PEG) was approved for the treatment of a type 
of severe combined immunodeficiency disease 
(SCID), which is caused by the chronic defi-
ciency of ADA and affects lymphocyte matura-
tion. Enzymes are nowadays widely used for 
different therapeutic purposes from digestion 
and celiac disease to metabolic diseases, cancer, 
cardiovascular diseases either separately or in 
combination with other therapies. Enzymes are 
also employed in diagnosis, biochemical investi-
gations and monitoring of many alarming dis-
eases. Detailed knowledge of the 
three-dimensional structure of disease-related 
enzymes and their interactions with substrates 
and ligands has provided critical information for 
structure-based improvements of enzymes and 

design of new therapeutic strategies. In this 
review, the role of X-ray crystallography in the 
understanding and development of therapeutic 
enzymes is discussed.

4.2  Enzyme Therapy 
in Metabolic Disorders

Defects in enzymes involved in metabolic path-
ways have been implicated in a number of patho-
logical conditions. In these cases, various 
strategies to compensate for the loss of the enzy-
matic activity have been pursued, including the 
use of enzyme replacement (ER) or pharmaco-
logical chaperones (PC) as structure stabilizers 
(Mohamed et al. 2017).

4.2.1  Phenylketonuria

Phenylketonuria (PKU; OMIM 261600) is an 
inherited metabolic disorder characterized by 
accumulation of phenylalanine (L-Phe) in the 
body as the result of the loss or impairment of 
phenylalanine hydroxylase (EC 1.14.16.1), an 
enzyme that metabolizes L-Phe. Excess of 
L-Phe can damage tissues, resulting in intellec-
tual disability, delayed development, behav-
ioral problems and mental disorders. An 
estimated of 50,000 people under the age of 40 
are believed to be affected in the developed 
world. Conversion of L-Phe into harmless 
metabolite trans-cinnamic acid (tCA) and 
ammonia is catalyzed by phenylalanine ammo-
nia lyase (PAL; EC 4.3.1.5). tCA is further 
metabolized and excreted in the urine as hip-
purate. Since the reaction catalyzed by PAL 
produces non-toxic compounds (at the gener-
ated levels), PAL has been proposed as a thera-
peutic agent for PKU (Wang et al. 2005b).

Use of Anabaena variabilis and 
Rhodosporidium Toruloides PALs in a mouse 
model has given promising results in treating 
phenylketonuria (Gamez et  al. 2005). Owing, 
however, to problems with protease susceptibil-
ity, thermal stability, and aggregation, the struc-

A. C. Papageorgiou



83

ture of PAL from R. Toruloides (Calabrese et al. 
2004) (PDB id 1t6p) was optimized with 
pegylation. Various PAL/PEG molar ratios of lin-
ear 20  kDa PEG were prepared and tested for 
in  vitro and in  vivo effectiveness and the opti-
mum ratios were determined. Furthermore, a 
preparation of PEGylated A. variabilis PAL 
(AvPAL) from BioMarin Pharmaceutical (with 
the trade name pegvaliase) has been used in 
human clinical trials with results from single- 
dose injections being well tolerated by adult 
patients with PKU, although all participants 
developed an immunogenic response to 
PEG. Pegvaliase has been given an orphan drug 
status in the United States and the European 
Union and recently entered phase 3 clinical trials 
with initial results already available (Thomas 
et al. 2018).

The structures of two PALs from the cyano-
bacteria A. variabilis ATCC 29413 (PDB id: 
2nyn) and Nostoc punctiforme ATCC 29133 
(PDB id: 2nyf), respectively, were reported in 
2007 (Moffitt et al. 2007). Compared to plant and 
yeast PALs, these two cyanobacterial PALs are 
approximately 20% smaller in size but exhibit 
similar substrate selectivity and kinetics proper-
ties. Mutation of two surface cysteine residues 
(C503 and C565) to serines (Wang et  al. 2008) 
resulted in reduced aggregation susceptibility of 
the AvPAL (Fig.  4.1).  Currently, this double 
mutant after PEGylation (rAvPAL-PEG) is in 
Phase 3 clinical trials for assessment of its effi-
cacy in PKU patients (Bell et al. 2017).

4.2.2  Morquio Syndrome

Known also as mucopolysaccharidosis type IV, 
Morquio syndrome belongs to a group of inher-
ited metabolic disorders collectively termed 
mucopolysaccharidoses (MPSs). The cause of 
MPS IV is a deficiency of the lysosomal enzyme 
N-acetylgalactosamine-6-sulfate sulfatase 
(GALNS), which is required for the degradation 
of mucopolysaccharides or glycosaminoglycans 
(GAGs). GALNS deficiency leads to specific 
accumulation of two GAGs: keratan sulfate (KS) 

and chondroitin-6-sulfate (C6S). The majority of 
disease-causing mutations result in disruption of 
the hydrophobic core of the protein. Elosulfase 
alfa, a synthetic version of this enzyme (trade 
name Vimizim) produced in Chinese hamster 
ovary (CHO) cell line, is identical to the naturally 
occurring human enzyme in amino acid sequence 
and N-linked glycosylation sites. The enzyme is 
usually injected into patients. Side-effects may 
include neutralizing antibodies to elosulfase alfa. 
In addition, hypersensitivity reactions or immu-
noglobulin E (IgE)-mediated anaphylaxis may 
occur that require withdrawal of treatment. In an 
effort to improve delivery of recombinant GALNS 
to the bones of MPS IV A patients, one proposed 
variant of GALNS contains six additional gluta-
mate residues at the N terminus (Tomatsu et  al. 
2010). The structure of GALNS (Fig.  4.2) has 
been solved at 2.2  Å resolution (Rivera-Colón 

Fig. 4.1 Ribbon diagram of AvPAL C503S/C565S dou-
ble mutant (PDB id 3czo). Residue 565 is at the flexible 
end of the C-terminal and not located in the structure. All 
figures, including this one, of protein structures were cre-
ated with CHIMERA (Pettersen et al. 2004)
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et al. 2012). From a total of 120 disease-causing 
missense mutations found in MPS IV A patients, 
only 6 were found to affect the active site. The rest 
are buried residues in the core of the protein 
(65%) and 32 mutations (27%) concern surface 
residues. The active site  comprises a large convo-
luted pocket suggesting that chaperones or small 
molecules may be used in drug design efforts as 
stabilizers of the structure.

4.2.3  Sanfilippo A Syndrome

Mucopolysaccharidosis type IIIA is caused by 
deficiency in the enzyme N-sulfoglucosamine 
sulfohydrolase (SGSH; sulfamidase). The struc-
ture of the recombinant enzyme expressed in 
human embryonic kidney (HEK) cells has been 
determined to 2.0 Å resolution (Sidhu et al. 2014). 
It consists of a central β-sheet surrounded by two 

domains, a large N-terminal domain (domain 1) 
and a smaller C-terminal domain (domain 2), as is 
typical for the sulfatase fold (Fig. 4.3). The active 
site is found in a narrow cleft in domain 1. A 
highly conserved lysine in O-sulfatases is replaced 
in SGSH by an arginine (R282) that is positioned 
to bind the N-linked sulfate substrate. About 80 
mutations that have been described in patients 
were mapped onto the structure and about a quar-
ter of them were found located on exposed regions 
of the structure. A low flexibility detected in the 
SGSH structure have led to suggestions for use of 
small molecules with allosteric or stabilizing 
effects for mutations located at the surface and 
away from the active site and molecular chaper-
ones that bind to the active site to reconstitute in 
missense mutations.

4.2.4  Pompe Disease

Pompe disease (OMIM 232300, ORPHA365) is 
an autosomal recessive disorder of glycogen 
metabolism caused by a deficiency of the lyso-
somal enzyme acid alpha-glucosidase (GAA) 
that leads to lysosomal accumulation of glycogen 
in all tissues, particularly in cardiac and skeletal 
muscle (Kishnani and Beckemeyer 2014). The 
disease begins within a few months of birth and 
infants with this disorder typically experience 
muscle weakness (myopathy), poor muscle tone 
(hypotonia), an enlarged liver (hepatomegaly), 
and heart defects. There are two categories of 
Pompe’s disease: infantile-onset Pompe disease 
(IOPD) with symptoms that start within 2 months 
after birth often with cardiomyopathy. Death 
occurs before the 1st year of age if it remains 
untreated. Late-onset Pompe disease (LOPD) 
appears in the later stages of life, from 1 year to 
adulthood and progresses slowly, leading eventu-
ally to respiratory failure.

Recombinant human GAA (rhGAA) pro-
duced in CHO cells or in transgenic rabbit milk 
(Van Hove et al. 1996; Bijvoet et al. 1999) was 
approved in 2006 for ER therapy (ERT) to treat 
Pompe disease and has proven to be beneficial 
for patient’s survival and to stabilize the disease 
course. ERT is currently the only approved treat-

Fig. 4.2 Ribbon diagram of GALNS (PDB id 4fdi). The 
bound Ca2+ is depicted as a green sphere. The modified 
Cys79 (DDZ; 3,3 dihydroxy-L-alanine) that acts as the 
catalytic nucleophile is shown. Glycans are shown with 
coral colour for the carbon atoms
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ment for Pompe disease. However, despite the 
clinical benefits, patient’s response varies consid-
erably, and the efficiency of the treatment is lim-
ited by insufficient targeting and uptake in muscle 
tissues, immunogenic reactions and build-up of 
autophagic compartments in myocytes. Hence, 
alternative therapeutic strategies based on differ-
ent approaches and rationale are currently in 
need. Myozyme® (alglucosidase alfa) was 
approved in 2006 for ERT of IOPD and 
Lumizyme® was approved in 2010 for ERT of 
LOPD by FDA.

PC therapy (PCT) using small-molecule 
“chaperones” that prevent enzyme degradation 
by the endoplasmic reticulum-associated degra-
dation system has been proposed also in Pompe 
disease, either as alternative therapy or comple-
mentary to ERT. Studies have shown an increase 
in GAA activity, suggesting increased stability in 
the presence of ‘chaperones’ (Parenti et al. 2014). 
The most extensively studied GAA chaperone 
molecules are two glucose analogues, the imino 
sugars 1-deoxynojirimycin (DNJ, AT2220) and 
N-butyldeoxynojirimycin (NB-DNJ, miglustat). 

Until recently, the enzyme in its commercial 
form (Myozyme R) could not be crystallized. 
However, in situ proteolysis carried out by 
α-chymotrypsin to remove putative flexible loops 
as suggested by disorder predictors resulted in an 
enzyme form with a ~5 kDa lower mass that crys-
tallized readily. Four protease-labile regions were 
cleaved off (Q57-T80, G116-M122, R199-A204 
and A782-R794), without affecting the catalytic 
activity of the resultant GAA form. The cleaved 
form resulted in high resolution crystal structures 
of recombinant human GAA in free state and in 
complex with active site inhibitors (Roig- 
Zamboni et al. 2017). The structure consists of an 
N-terminal trefoil type-P domain, followed by a 
β-sheet N-terminal domain, a catalytic (β/α)8- 
barrell domain similar to the family 31 of glyco-
side hydrolases (GH31), two β-sheet inserts (I 
and II), and proximal and distal β-sheet domains 
at the C-terminal. The catalytic nucleophile and 
acid/base can be assigned to D518 and D616 resi-
dues, respectively.

The crystal structure of the rhGAA-DNJ 
revealed no major conformational changes upon 

Fig. 4.3 Ribbon 
diagram of SGSH (PDB 
id 4mhx). The active site 
with the phosphorylated 
formylglycine 70 
(FGP70) and the bound 
Ca2+ is shown
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DNJ binding in the rhGAA active site apart from 
a 20° tilt in the side-chain of W376. In contrast, 
binding of derivative N-hydroxyethyl- 
deoxynojirimycin (NHE-DNJ) showed a 
 stabilizing interaction of the hydroxyethyl sub-
stituent of NHE-DNJ with W481, located on the 
tip of insert I. N-acetylcysteine (NAC) has been 
shown to act as allosteric pharmacological chap-
erone, enhancing the stability of mutated endog-
enous GAA and rhGAA used for ERT, without 
affecting the catalytic activity. Importantly, NAC 
is specific towards GAA and shows no stabilizing 
effect on a GH31 homologue from rice. To under-
stand the stabilising effect of NAC, the crystal 
structure of rhGAA in complex with NAC was 
determined by crystal soaking experiments. The 
1.83  Å resolution structure of the complex 
revealed two NAC- binding sites at 30 Å and 25 Å 
away, respectively, from the active site (Fig. 4.4).

Comparison of residues surrounding the NAC-
binding sites with respect to that of unbound rhGAA 
showed that their atomic thermal displacement 
parameters are lower, suggesting an overall inter-

domain stabilizing function driven by 
NAC. Moreover, NAC may also exhibit an anti-oxi-
dative effect as residue C938 is oxidized to the 
sulfenic acid form in all the crystal structures, except 
for the structure of the rhGAA-NAC complex.

4.2.5  Maroteaux-Lamy Syndrome

MPS type VI (OMIM 253200) is a recessive 
autosomal lysosomal disease, leading to an accu-
mulation of glycosaminoglycans within lyso-
somes owing to partial or complete lack of 
activity in N-Acetylgalactosamine-4-sulfatase 
(arylsulfatase B). MPS VI patients experience a 
progressive, chronic and multisystemic disease 
that causes not only significant morbidity but also 
early mortality. Clinical features of MPS VI are 
similar to the other MPS disorders: skeletal dys-
ostosis, coarse face, corneal opacification, vis-
ceromegaly, upper airway obstruction and 
valvular heart disease. Intellectual development 
is preserved in this disease.

Fig. 4.4 Ribbon 
diagram of rhGAA in 
complex with NAC 
(SC2 in PDB naming 
system; PDB id 5nn4). 
The two SC2 binding 
sites are shown. 
Catalytic residues D518 
and D616 are also 
depicted
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Specific treatments for MPS VI include hema-
topoietic stem cell transplantation (HSCT) and 
ERT.  A recombinant form of human 
N-acetylgalactosamine-4-sulfatase, known as 
Naglazyme (galsulfase), produced in CHO has 
recently been approved as an ERT in the US 
(2005) and the EU (2006) for use in MPS VI 
patients (Lourenço and Giugliani 2014). 
Galsulfase acts by cleaving the sulfate moieties 
of the GAG dermatan sulfate, which are abnor-
mally stored in the lysosomes of cells in patients 
with mucopolysaccharidosis VI. Galsulfase is a 
glycoprotein with a single-chain protein of 
56  kDa, comprising 495 amino acids and con-
taining six asparagine-linked glycosylation sites, 
four of which carry a bis-mannose-6-phosphate 
mannose oligosaccharide for specific cellular 
recognition.

The structure of N-acetylgalactosamine-4- 
sulfatase has been determined at 2.5 Å resolution 
and consists of two domains (Bond et al. 1997). 
The larger domain has an α/β topology with simi-
larities to the alkaline phosphatase family and 

contains the active site (Fig.  4.5). A calcium- 
binding site coincides with the zinc-binding site 
found in alkaline phosphatases.

4.2.6  Gaucher Disease

Gaucher disease (GD) is the most common auto-
somal recessive lysosomal storage disease (LSD). 
It is caused by deficiency or absence of the activ-
ity of the enzyme acid β-glucosidase (GCase; 
E.C.3.2.1.45), known also as glucocerebrosidase 
or glucosylceramidase, leading to accumulation 
of glucocerebroside (glucosylceramide; GLC) in 
tissue macrophages. The disease is characterized 
by hepatomegaly, splenomegaly, anemia, skeletal 
complications, and neurological complications.

GD is classified into three types: type 1 GD 
(GD1) is chronic and non-neuronopathic, 
accounting for 95% of GDs, and types 2 and 3 
(GD2, GD3) cause nerve cell destruction. GD2 
occurs in the first few months of life and rapidly 
progresses rapidly until death during infancy. 

Fig. 4.5 Ribbon 
diagram of human 
N-acetylgalactosamine- 
4-sulfatase crystal 
structure (PDB id 1fsu). 
The active site Cys91 
has been found modified 
in the structure as 
oxo-alanine (ALS). 
Bound Ca2+ ion is shown 
as a green sphere
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GD3 patients survive infancy but they suffer from 
neurological features for the rest of their lives. 
Whereas type I is currently treatable with enzyme 
replacement therapy, there is no equivalent treat-
ment for types II and III since the recombinant 
enzyme does not pass the blood-brain barrier. For 
patients with the acute neuronopathic GD2 form, 
ERT is inefficient.

Over 300 mutations have been identified, 
including nonsense ones, deletions and inser-
tions, and complex alleles. Two important 
disease- causing missense mutations are N370S 
and L444P, which account for the majority of 
mutations found in the Ashkenazi Jewish popula-
tion. N370S causes mild GD1 whereas L444P 
results in severe neurological disorders, charac-
teristic of GD2 and GD3. In recent years it has 
emerged that GD may increase the risk for 
Parkinson disease (Osellame and Duchen 2013). 
The N370S mutation is the most prevalent muta-
tion in GD patients with early-onset parkinson-
ism (Ran et al. 2016).

The development of two effective ERTs (imi-
glucerase [Cerezyme] and velaglucerase alfa 
[VPRIV]) for GD and, recently, the discovery of 
a new plant-derived ERT (taliglucerase alfa 
[ELELYSO]) have made treatment of GD1 pos-
sible by supplementing the defective GBA1 with 
active enzyme (Bennett and Mohan 2013). 
Cerezyme was approved by FDA in 1994. Viral 
contamination of Genzyme Corp. manufacturing 
site in June 2009 led to ~20% reduction of 
Cerezyme global supply that necessitated the 
development of two new ERTs: In 2010, velaglu-
cerase alfa (VPRIV, Shire Human Genetics 
Therapies Inc.), an analog of recombinant gluco- 
cerebrosidase produced in human fibroblast cell 
lines, became the third ERT approved by the 
FDA. In May 2012, FDA approved taliglucerase 
alfa (marketed under the name ELELYSO), 
which is made genetically by modified carrot 
cells (Aviezer et al. 2009).

The mature GCase polypeptide is a glycopro-
tein consisting of 497 residues and a MW between 
59 and 69 kDa depending on the extent of glyco-
sylation. Glycosylation, particularly at N19, has 
been found to control the catalytic activity of 
GCase, (Pol-Fachin et al. 2016). The structure of 

the partially deglycosylated form was determined 
in 2003 (PDB id 1ogs) (Dvir et  al. 2003). The 
structure of the fully glycosylated Cerezyme was 
determined in 2006 (Fig. 4.6) and found to be vir-
tually identical to that of the partially deglycosyl-
ated enzyme (Brumshtein et al. 2006).

The overall architecture comprises three dis-
continuous domains: I, II and III. Domain I inter-
acts tightly with domain III whereas domains II 
seem to be connected to domain III by a flexible 
hinge. Domain I (residues 1–27 and 383–414) 
consists of one main three-stranded, anti-parallel 
β-sheet that is flanked by a perpendicular amino- 
terminal strand and a loop. Domain II (residues 
30–75 and 431–497) resembles an immunoglob-
ulin (Ig) fold consisting of two closely associated 
β-sheets that form an independent domain. 
Domain III (residues 76–381 and 416–430) 
adopts a (β/α) eightfold. TIM barrel which con-
tains the catalytic site, consistent with homology 
to GH-A clan members. Two glutamate residues 
(E235 and E340) have been identified as the acid/
base catalyst and the nucleophile, respectively. 
Seven aromatic side chains (F128, W179, Y244, 
F246, Y313, W381 and F397) line one side of the 
active-site pocket and, as in other β-glycosidases, 
they may be involved in substrate recognition. 
The entrance to the active site is lined up with 
several hydrophobic residues that may facilitate 
protein interaction with the lysosomal membrane 
and help the protein to reach areas where activity 
takes place. Asparagine 19 was found glycosyl-
ated in the structures as expected.

4.2.7  Fabry Disease

This is an X-linked inherited disease caused by a 
deficiency of the enzyme alpha-galactosidase A 
(α-Gal A) that results in a buildup of a type of fat 
called globotriaosylceramide (Gb3, or GL-3) in 
the body. Current treatment of Fabry disease 
includes ER and PC therapies. Fabrazyme, the 
first enzyme for use in ER treatment of Fabry dis-
ease was approved in 2003. Migalastat 
(1- deoxygalactonojirimycin; DGJ) is currently in 
Phase II clinical trials for oral administration in 
PC treatment. DGJ binds at the active site of the 
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enzyme with ~400,000 better binding affinity for 
α-Gal A than galactose and stabilizes the enzyme 
according to circular dichroism, proteolysis and 
fluorescence experiments (Guce et al. 2011). The 

higher binding potency of DGJ has been attrib-
uted to a single ionic interaction of the heterocy-
clic nitrogen with the catalytic nucleophile D170. 
Indeed, a D170A mutation resulted in weaker 
binding of DGJ, thus confirming the key role of 
D170  in the binding. The overall structure of 
α-Gal A consists of an N-terminal (α/β)8 barrel 
that encompasses the active site and a C-terminal 
antiparallel domain (Fig.  4.7). A second sugar- 
binding site has been identified at the interface of 
the two domains far from the active site. It has 
been suggested that this site may be suited for 
targeting by a new class of pharmacological 
chaperones (Guce et al. 2010).

4.2.8  Krabbe Disease

Krabbe disease is an inherited neurodegenerative 
disorder known also as globoid cell leucodystro-
phy. It is caused by defects in the lysosomal 
enzyme β-galactocerebrosidase (GALC), which 
catalyzes the cleavage of the terminal β-D- 
galactose from the glycosphingolipids galactosyl-
ceramide and psychosine. The disease leads in 
rapid loss of the myelin sheath that surrounds 
nerve cells (demyelination). A number of mis-
sense mutations have been identified that result in 

Fig. 4.6 Ribbon 
diagram of GCase 
crystal structure (PDB id 
2j25, B-subunit). 
Catalytic residues E340 
and E235 are shown. 
Residues N370 and 
L444 which are found 
frequently mutated in 
GD patients are also 
depicted in 
ball-and-stick

Fig. 4.7 Crystal structure of α-Gal A in complex with 
DGJ (PDB id 3s5y)
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misfolding of the protein and impair in its traf-
ficking to the ER.  Crystal structures of murine 
GALC in complex with substrate, product and 
covalent intermediate have revealed details of the 
catalytic mechanism and confirmed the role of 
two glutamate residues (E258, E182) as the 
nucleophile and the acid/base, respectively (Hill 
et  al. 2013). The structures also showed signifi-
cant conformational changes at the active site, 
including the non-catalytic R380 residue, which 
takes two alternative conformations during the 
catalytic cycle. The majority (~70%) of the 
disease- causing mutations involves modification 
of residues that are buried within the core of the 
structure. Treatment includes hematopoietic stem 
cell transplantation for the early infantile form of 
the disease. The use of ERT is unsuitable, as the 
administered enzyme will be unable to cross the 
blood-brain barrier to reach the central nervous 
system. PCT is currently being explored as an 
alternative strategy to overcome defects in GALC 
folding (Lee et  al. 2010; Spratley and Deane 
2016). In recent studies, several small-molecule 
inhibitors have been identified as promising chap-
erone candidates for GALC (Viuff and Jensen 
2016). Amongst them, azasugars that bind at the 
active site of the enzyme have shown potency as 
stabilizing agents of GALC structure (Hill et al. 
2015). Four compounds were tested and their 
crystal structures in complex with murine GALC 
showed that they all bind with the same orienta-
tion as β-D-galactose. No secondary binding sites 
were identified that could confer some allosteric 
effect. Structural analysis of the complexes com-
bined with stability measurements and inhibition 
assays suggested that the position and the positive 
charge of the ring nitrogen could contribute to 
increased stabilization of GALC.

4.2.9  Hunter Syndrome

Known also as MPS type II (OMIM 309900), 
Hunter syndrome is a rare X-linked disease 
caused by a deficiency in iduronate-2-sulfatase 
(IDS; EC 3.1.6.13), a crucial enzyme involved in 
the lysosomal degradation of dermatan sulfate 
and heparan sulfate. Enzyme replacement ther-

apy with idursulfase (brand name Elaprase, a 
recently approved orphan drug) is the first treat-
ment for Hunter syndrome. It is a purified form of 
IDS and is produced by recombinant DNA tech-
nology in a human cell line. Elaprase has been 
found effective in the ‘mild’ form of the disease 
but not in the ‘severe’ form which is character-
ized by cardiac and neurological deterioration.

The crystal structure of human IDS with a bound 
sulphate ion has been reported at 2.3 Å resolution 
(Demydchuk et al. 2017). It shows similarities with 
other human sulfatases despite low sequence iden-
tity. The single polypeptide chain comprises two 
subdomains (SDs): an N-terminal SD1 (residues 
34–443) known also as the ‘heavy’ chain and a 
C-terminal SD2 (residues 455–550) which corre-
sponds to the ‘light’ chain (Figs. 4.8 and 4.9). SD1 
and SD2 form a large hydrophobic interface. The 
catalytic site is found in SD1. There are six Cys resi-
dues, four of which are involved in disulphide bond 
formation. One free cysteine is found at the tip of a 
loop whilst the sixth Cys (Cys84) is post-transla-
tionally modified as a key residue in the active site. 
The thiol group of Cys84 is oxidized to formyl- 

Fig. 4.8 Crystal structure of GALC in complex with aza- 
galacto- fagomine (AGK; PDB id 4ufi)
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glycine (FGly) by a FGly-generating enzyme which 
recognizes the CxPSR motif. Of the 542 mutations 
known today, the majority (90%) involves residues 
at the core of the protein structure.

4.2.10  Hurler Syndrome

Hurler syndrome is the most severe form of MPS 
I, a rare lysosomal autosomal recessive storage 
disease caused by deficient activity of α-L- 
iduronidase (IDUA; EC3.2.1.76), an enzyme 
which removes α-L-iduronic acids from two 
GAGs: heparan sulfate and dermatan sulfate. The 
disease is characterized by skeletal abnormalities, 
cognitive impairment, heart disease, respiratory 
problems, enlarged liver and spleen, characteristic 
facies, and reduced life expectancy.

Human IDUA produced in CHO cells has 
been crystallized and the structure determined 
(PDB ID codes: 3w81 and 3w82). The overall 
architecture of human IDUA consists of three 
domains: a (β/α)8 triose phosphate isomerase 

(TIM) barrel domain, a β-sandwich domain with 
a short helix-loop-helix, and an immunoglobulin 
(Ig)-like domain (Maita et al. 2013). Interestingly, 
it was found that the mannose residue (Man7) of 
the N-glycan attached to N372 constitutes a part 
of the substrate-binding pocket and interacts 
directly with the substrate (Fig. 4.10). A deglyco-
sylation study showed that enzyme activity was 
highly correlated with the N-glycan attached to 
N372. Similar results have been obtained with 
the structure of human IDUA although the 
enzyme lacked Man7 possibly owing to the 
Arabidopsis thaliana expression system used for 
its production (Bie et al. 2013). Structural analy-
sis suggested that W306L, one of the more than 
55 missense mutations associated with human 
IDUA may cause MPS I through a change in the 
conformation of the N372 glycan.

Computational modelling and molecular 
dynamics calculations based on the crystal struc-
ture of human IDUA showed a correlation 
between the structural changes and clinical phe-
notypes. Mutations responsible for severe and 

Fig. 4.9 Crystal 
structure of human IDS 
(PDB id 5fql). The 
modified Cys84 is 
shown (ALS84). Bound 
Ca2+ is shown as a green 
sphere
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severe–intermediate groups (R533L/R, V620F, 
and R628P) appeared to induce larger conforma-
tional changes compared with those responsible 
for intermediate and attenuated ones (L535F, 
L578Q, F602I, and R619G) (Saito et al. 2014). 
Moreover, these structural changes were found in 
a region far from the active site of IDUA, sug-
gesting that they may affect protein folding.

4.2.11  Sly Syndrome

Sly syndrome is an ultra-rare inherited metabolic 
condition known also as mucopolysaccharidosis 
type VII (MPS VII). It is caused by deficiency in 
β-glucuronidase (GUSB), an important lysosomal 
enzyme involved in the degradation of glucuro-
nate-containing glycosaminoglycan (Naz et  al. 
2013). Phenotypes vary from mild skeletal abnor-
malities to more severe forms with hydrops fetalis, 
skeletal dysplasia and mental retardation (Montaño 
et al. 2016). In November 2017, Vestronidase alfa-
vjbk (trade name Mepsevii), a recombinant form 
of the human β-glucuronidase was approved in the 

United States as the first drug for enzyme-
replacement therapy of the disease. The structure 
of human β-glucuronidase comprises three 
domains with topologies similar to a jelly roll 
barrel, an immunoglobulin constant domain and 
a TIM barrel, respectively (Jain et  al. 1996; 
Hassan et  al. 2013). Residues 179–204 form a 
β-hairpin motif similar to the putative lysosomal 
targeting motif of cathepsin D in support of the 
view that lysosomal targeting has a structural 
basis. A large cleft at the interface of two mono-
mers forms the active site with residues Glu451 
and Glu540 proposed to be important for cataly-
sis. Ninety mutations out of a total of 211 charac-
terized deleterious mutations were predicted to 
be disease-causing mutations (Khan et al. 2016). 
Following molecular dynamics simulations, a 
number of mutations were predicted to destabi-
lize the structure. However, other mutations were 
predicted to increase the stability of the protein. 
As these mutations were also associated with the 
disease, their role to the dysfunction of the 
enzyme was attributed to possible reduction of 
the substrate accessibility to the active site.

Fig. 4.10 Crystal 
structure of 
L-iduronidase in 
complex with iduronic 
acid (IDR). The 
molecular surface 
associated with the 
glycan at N372 is 
shown. IDR and the two 
catalytic glutamate 
residues are depicted 
(PDB id 3w82)
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4.3  Cancer Treatment

The use of therapeutic enzymes in cancer involves 
two main strategies: amino acid deprivation of 
the tumor or enzyme-prodrug therapy. In the for-
mer strategy, enzymes are used to deplete amino 
acids in tumor cells which are auxotrophic to par-
ticular amino acids. In enzyme-prodrug therapy, 
antibody-conjugated enzymes are used to convert 
prodrug into cytotoxic drug at tumour cells and 
thereby killing tumor cells.

4.3.1  L-Asparaginase

L-asparagine is a nonessential amino acid in nor-
mal cells but in certain malignant cells it must be 
acquired through the blood. L-asparaginase is an 
anticancer agent that exploits this specific 
requirement of the malignant cells. As 
L-asparaginase catalyzes the conversion of 
L-asparagine to aspartic acid and ammonia, the 
use of L-asparaginase could deprive leukemic 
cells of their source of L-asparagine. 
Asparaginases (ASNases) have been used as anti-
leukemic drugs in combination with vincristine 
and corticosteroids among others, to induce 

patients of acute lymphoblastic leukemia (ALL) 
into complete remission (Labrou et al. 2010).

All bacterial L-ASNases are active as homo-
tetramers composed of four subunits (A, B, C, 
and D) arranged in 222 symmetry, according to 
the nomenclature first appeared in the E. coli 
ASNase (EcAII) crystal structure (Fig.  4.11). 
Four identical non-cooperative active sites have 
been identified that are formed at the subunit 
interfaces: two between subunits A and C and 
two between B and D.  The N- and C-terminal 
domains of the subunits are involved in the for-
mation of each active site, thus the L-ASNase 
homotetramers are best described as dimers of 
intimate dimers. Residues responsible for ligand 
binding form the rigid part of the active site. The 
flexible part of the active site (residues 14–33 in 
EcAII) controls the access to the binding pocket 
and carries the highly conserved for all 
L-ASNases catalytic nucleophile Thr12 (num-
bering according to EcAII crystal structure (PDB 
code 4eca)). This flexible loop exists in different 
conformations depending on the presence or 
absence of a bound ligand in the active site. The 
active site is characterized by the presence of two 
catalytically indispensable Thr residues (Thr89 
and Thr12  in EcAII) in diametrically opposite 
locations above and below the CG atom of the 
substrate (Harms et  al. 1991; Palm et  al. 1996; 
Ortlund et  al. 2000). The question, however, 
which of these two Thr residues acts as the pri-
mary nucleophile has been under continuous dis-
cussion. Based on the available data, a two-step 
ping-pong mechanism has been finally put for-
ward involving both Thr residues, each acting at 
a different stage of the catalytic reaction. In this 
case, L-ASNases appear to differ from other 
enzymes by using two catalytic triads instead of 
one (Dodson and Wlodawer 1998).

The potential use of ASNase in cancer treat-
ment goes back to the1950s when it was found 
that lymphomas in mice and rats were quickly 
regressed after the animals were injected with 
guinea pig serum. Later, it was concluded that 
L-asparaginase was the anticancer factor in 
guinea pig serum responsible for the observed 
effect (Avramis 2011). Therapeutic ASNases are 
fermentation native proteins, which originate 

Fig. 4.11 Crystal structure of E. chrysanthemi L-ASNase 
(ErA) tetramer at 1.0 Å resolution (PDB id 1o7j). Each 
subunit of the tetramer is shown in different color
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from either E. coli or Erwinia chrysanthemi. To 
increase their efficacy and decrease the allergic 
reactions to the bacterial enzymes, pegylated 
products of both ASNase formulations have been 
made. Elspar® and Oncaspar® (Pegasparagase) 
are two commercially available forms of E. coli 
and E. chrystanthemi L-ASNases, respectively. 
Oncaspar® received USFDA approval in 2006 
for treatment of ALL and is currently the most 
effective antileukemic biology oncology product 
available in the United States. Algal, plant and 
fungal L-asparaginases from different sources 
have been proposed as alternatives to currently 
used enzymes.

During L-ASNase therapy, repeated use of the 
drug is commonly needed owing to the enzyme’s 
relatively short half-life due to low structural sta-
bility (Benjwal et  al. 2006; Papageorgiou et  al. 
2008) and premature inactivation by serum prote-
ases. Protein-engineering efforts towards new 
forms of L-ASNases have been undertaken to 
improve L-ASNase stability. EcAII and ErA that 
are currently used in therapeutical settings have 
essentially different half-times in blood (van den 
Berg 2011). The recent identification of new 
L-ASNases has led to a closer look of their ther-
modynamic stabilities compared to the L-ASNases 
currently in the market. Helicobacter pylori 
L-ASNase shows a thermal stability between that 
of EcAII and ErA (Dhavala and Papageorgiou 
2009). The sensitivity of Erwinia carotovora 
ASNase (EwA) to protease (e.g. trypsin) inactiva-
tion and its low half-life has hindered its develop-
ment as a clinical therapeutic. An improved form 
of EwA has been described by combining a struc-
ture-based molecular engineering approach with 
PEGylation (Kotzia et  al. 2007). A R206His 
mutant was generated and treated with mPEG-
SNHS [methoxypoly(ethylene glycol) succinate 
N-hydroxysuccinimide ester]. The resultant vari-
ant had seven PEGylated Lys residues, retained 
82% of its original catalytic activity, exhibited 
enhanced resistance to trypsin degradation, and 
showed higher thermal stability compared to the 
wild-type enzyme (Kotzia et al. 2007).

In another work, the thermostability of EcAII 
was enhanced by replacing Asp178 with Pro in a 
hydrogen-bonded turn (D178GR180) that contrib-

utes to the thermostability of the enzyme (Li 
et al. 2007). Notably, the kinetic constants Km and 
kcat for the mutant enzyme were not significantly 
affected by the mutation.

A thermostable variant of ErA that contains a 
single point mutation (D133V) has been produced 
through an in  vitro directed evolution approach 
(Kotzia and Labrou 2009). The Tm of this variant 
was 55.8 °C whereas the wild-type enzyme has a 
Tm of 46.4 °C. Analysis of electrostatic potential 
of the wild-type enzyme showed that Asp133 is 
located at a neutral region on the enzyme surface 
and makes a significant and unfavorable electro-
static contribution to the overall stability.

Additional strategies to increase stability and 
reduce the immunogenicity of L-ASNase while still 
preserving its biological activity include entrapment 
of the enzyme into liposomes and microcapsules as 
previously described (Labrou et al. 2010).

4.3.2  Arginine Deiminase 

Arginine deprivation of cancer cells has been also 
used as therapeutic strategy. Arginine is a non- 
essential amino acid synthesized by argininosuc-
cinate synthetase (ASS) and argininosuccinate 
lyase from citrulline. Normal cells do not require 
arginine supply. However, certain cancer cells, 
such as melanoma, renal cell carcinomas and 
hepatocellular carcinomas lack ASS and they 
require circulating arginine. Arginine deiminase 
(ADI) is an enzyme from mycoplasma that con-
verts arginine to citrulline, thereby reducing cir-
culating arginine. This causes arginine deprivation 
in tumour cells that lack argininosuccinate syn-
thetase, thereby inhibiting tumour progression.

ADI has been suggested to be a potentially 
better therapeutic agent for the treatment of leu-
kemia than L-ASNase. ADI is highly specific for 
arginine without converting other amino acids, 
contrary to L-ASNase which can use asparagine 
and glutamine as substrates, resulting in some 
deleterious side effects caused by the degradation 
of glutamine (Ni et al. 2008).

ADIs from M. arginini and related species have 
been reported to inhibit the proliferation of several 
types of human cancer cells (Gong  et al. 2000). 
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The structure of M. arginini ADI was determined 
in 2004 (Das et al. 2004) and resembles a ‘clip-on 
fan’ architecture with a ‘clip’ consisting of a five-
helix bundle and a ‘fan’ of five blades. Each blade 
consists of a ββαβ module. The clip is inserted 
between the first and the second blade and is char-
acterized by the presence of various hydrophobic 
and aromatic residues that form an extended 
hydrophobic core. Owing to large sequence varia-
tion amongst various ADIs, the role of the ‘clip’ 
region is unclear. It has been suggested that it may 
be responsible for initiating some cellular pro-
cesses in the cell (Das et al. 2004).

ADIs from different organisms form either 
homodimers or homotetramers. X-ray crystal 
structures of ADI from P. aeruginosa (PaADI) 
(Galkin et  al. 2005) (PDB id: 1rxx, 2abr, 2aci, 
2a9g, 2aaf), M. arginini (MaADI) (Das et  al. 
2004) (PDB id: 1s9r, 1lxy) and Streptococcus 
pyogenes (PDB id 4bof) (Henningham et al. 2013) 
have been determined. An induced-fit mechanism 
has been proposed based on crystal structures of 
the apo-form of MaADI after comparison with 
previous ‘closed’ conformations in a covalent 
complex with two L- arginine substrate interme-
diates. The catalytic mechanism has been eluci-
dated by a number of mutants (Galkin et al. 2005). 
A catalytic trial consisting of Cys-His-Glu/Asp 
has been identified (Cys406- His278- Glu224  in 
PaADI; Cys398- His269- Glu213 in MaADI).

The in  vivo application of ADI as an anti- 
cancer agent faces two major challenges: strong 
antigenicity and short circulating half-life 
(around 4 h) in plasma. Modification of ADI with 
polyethylene glycols (PEGs) has shown promis-
ing results with an increase to the circulating 
half-life and a decrease in the immunogenicity. 
The best results have been obtained after 
PEGylation using PEG 20,000 (Han et al. 2016). 
Nevertheless, further modifications of the enzyme 
are required to improve its properties. Several 
regions and individual residues have been identi-
fied that could improve pH optimum, Km, protein 
stability and solubility. Despite the efforts, how-
ever, there is still not a single mutant that could 

exhibit all the multiple property improvements 
required (Han et al. 2016).

ADI could also been used in other diseases, 
e.g. as vaccine against Streptococcus pyogenes 
(Henningham et  al. 2013). Various catalytically 
inactive mutant forms of ADI showed a retained 
structure, recognition by antisera, and immuno-
genic epitopes, suggesting that they are ideal for 
inclusion in Group A Streptococcus (GAS) vac-
cine preparations.

4.3.3  Antibody-Directed Enzyme 
Prodrug Therapy (ADEPT)

This is another strategy of using enzymes as ther-
apeutic agents in cancer. In this approach, an 
enzyme is conjugated to a monoclonal antibody 
that carries the enzyme to the site of the tumor 
(Sharma and Bagshawe 2017). A non-cytotoxic 
prodrug upon reaching the site of the tumor is 
converted to its active form by the enzyme, thus 
destroying the cancer cells but not normal cells. 
ADEPT with a modified carboxypeptidase A 
(CPA) specific to activate a methotrexate- 
phenylalanine (MTX-Phe) prodrug has been 
described (Deckert et  al. 2004). Human 
β-glucuronidase is also an attractive enzyme in 
the ADEPT context for activation of glucuronide 
prodrugs (Chen et al. 2008).

4.4  Cystic Fibrosis (CF)

Dornase alfa is a recombinant human deoxyribo-
nuclease (rhDNase I) that reduces the viscosity 
of sputum in the airways of CF patients by break-
ing down double-stranded DNA into lower- 
molecular mass fragments. Dornase alfa is 
commercially available as Pulmozyme®. The 
structure of rhDNase I produced in Chinese ham-
ster ovary has been determined in the presence of 
phosphate and Mg2+ in the active site (Parsiegla 
et al. 2012). Combined structural and mutagene-
sis data suggested that Asn7 plays a key role in 
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the catalysis by stabilizing the Mg2+ ion, thus pro-
viding details about the catalytic mechanism.

4.5  Cardiovascular Diseases

Fibrin is the main major protein formed during 
wound healing and the end product of the blood 
clotting cascade. Improper accumulation of fibrin 
in blood vessels leads to thrombolytic diseases, 
such as acute myocardial infarction (AMI; heart 
attacks) and stroke. Elimination and removal of 
the blood clot (thrombus) either with anti- 
coagulants (warfarin and heparin), antiplatelets 
(dipyridamole and aspirin), surgical treatment of 
the clot or fibrinolytic enzyme therapy are the 
main therapeutic approaches. Thrombolytic ther-
apy using fibrinolytic enzymes has an advantage 
over anti-coagulants and antiplatelets, as the 
enzymes could act directly upon the existing clot. 
Two types of thrombolytic enzymes are currently 
employed: plasminogen activators and plasmin- 
like enzymes.

4.5.1  Plasminogen Activators

Tissue plasminogen activator (tPA) is a serine 
protease that consists of 527 amino acids with a 
molecular weight of 70 KDa. It binds to fibrin- 
rich clots via the fibronectin finger-like domain 
and the Kringle 2 domain. It catalyzes the con-
version of plasminogen to plasmin by hydrolyz-
ing a single Arg-Val in plasminogen. Alteplase 
(known commercially as Activase) is a recombi-
nant tissue-plasminogen activator used as throm-
bolytic drug to break up blood clots in AMI and 
other severe conditions. tPA is rapidly inactivated 
by endogenous plasminogen activator inhibitor-1 
(PAI-1). Because of that, high doses of tPA are 
required, leading to potential dangerous effects, 
such as intracranial hemorrhage and neurotoxic-
ity. Current PAs differ in their source, antigenic-
ity, half-life and haemorrhagic potential. The 
crystal structure of the tPA·PAI-1 Michaelis com-
plex determined in 2015 (Gong et  al. 2015) 
(Fig. 4.12) provided information that could lead 

to new thrombolytics agents with reduced PAI-1 
inactivation.

Reteplase is produced by recombinant tech-
niques as a truncated non-glycosylated form of 
t-PA for use in thrombolytic treatment in AMI. It 
contains 355 of 527 amino acid residues of tPA. It 
lacks the finger-like domain and, as expected, it 
exhibits lower affinity for fibrin. However, clini-
cal trials have shown faster reperfusion than t-PA 
without any increase in the rate of bleeding side- 
effects. Tenecteplase (TNK-tPA) is a variant of 
tPA showing slower inhibition by PAI-1 (Keyt 
et al. 1994). Compared to wild-type tPA, TNK- 
tPA has two mutations (T103N and N117Q), both 
within the kringle domain, and a tetra-Ala substi-
tution at amino acids 296–299  in the protease 
domain. TNK possesses a longer half-life, 
increased resistance to plasminogen activator 

Fig. 4.12 Crystal structure of tPA-PAI-1 complex (PDB 
id 5brr). tPA is shown in cornflower blue and PAI-1  in 
gray. The Q60-K207 interaction is depicted
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inhibitor, and improved fibrin specificity com-
pared with alteplase (Semba et al. 2001).

4.5.1.1  Urokinase
Known also as urokinase-type plasminogen 
activator (uPA), urokinase is a 411-residue 
enzyme. The structure of uPA-PAI-1 Michaelis 
complex was determined in 2011 (Lin et  al. 
2011). Comparison with the structure of 
tPA·PAI-1 Michaelis complex (Gong et  al. 
2015) revealed significant differences between 
the two complexes that could explain the higher 
susceptibility of tPA to PAI-1 inhibition com-
pared to that of uPA. The so called 37-loop (res-
idues 36KHRRSPGER39) of tPA was found to 
have a contact area twice as large with PAI-1 
(247  Å2) than uPA (124  Å2), suggesting the 
importance of this loop in its inhibition by PAI-
1. Other structural differences include larger S1 
and S2 β pockets in tPA for PAI-1 accommoda-
tion and stronger interactions of the tPA 60-loop 
with PAI-1 residues. Q60 in the tPA 60-loop is 
replaced by an isoleucine residue in uPA which 
is unable to make a strong interaction with K207 
of PAI-1. In addition, residue 60a in uPA is an 
aspartate instead of glutamate in tPA and there-
fore no interaction with K107 of the inhibitor 
can occur in the uPA-PAI-1 complex. The struc-
tural information from these two complexes 
could lead to new tPA variants as thrombolytics 
with higher resistant to PAI-1. For example, tPA 
residues Gln-60 and Glu-60a of the 60-loop, 
Tyr- 151 of the 147-loop, and Arg-174 of the 
169-loop have been suggested for mutagenesis 
studies.

4.5.2  Plasmin-Like Enzymes

Although tPA and urokinase are widely-used as 
thrombolytics, their high cost and side-effects 
including hemorrhage, have led to efforts for the 
development of newer and safer alternatives. 
Amongst them are plasmin-like enzymes that 
require no activation and are mainly produced by 
bacteria but also by earthworms (lumbrokinase) 
or snakes as venom components (fibrolase) 
(Pretzer et al. 1992).

4.5.2.1  Nattokinase
Nattokinase is a serine protease of the subtilisin 
family (Yanagisawa et  al. 2010), with ~99.5% 
sequence similarity to subtilisins E and subtili-
sins J.  It is used as a supplement because of its 
strong fibrinolytic activity. It is produced during 
fermentation of soybeans by Bacillus subtilis 
natto in the preparation of the Japanese food 
natto. The enzyme is now also produced by 
recombinant techniques (Cai et  al. 2017). 
Although a single dose of nattokinase could help 
in reducing the risk of thrombosis in humans, fur-
ther studies are required to establish potential 
clinical benefits of this enzyme (Kurosawa et al. 
2015). The nattokinase structure (PDB id 4dww) 
is almost identical to that of subtilisin E.

4.5.2.2  Lumbrokinase
Earthworms have been used in traditional medi-
cine in China, Japan and other Far East countries. 
Lumbrokinases (LKs) comprise a group of prote-
ases isolated from different earthworm species, 
such as Lumbricus rubellus and Eisenia fetida 
(Wang et al. 2013). These proteases have the abil-
ities not only to directly degrade fibrin and other 
proteins, but also to activate proenzymes such as 
plasminogen and prothrombin (Pan et al. 2010). 
LK is commercially available as Boluoke® and 
has been approved by the China Food and Drug 
Administration. It has also been used as oral sup-
plement in many countries, such as USA, Canada 
and Japan. However, no approval has been 
received by FDA as a thrombolytic drug to date.

The earthworm fibrinolytic enzyme (EFE) 
component b from Eisenia fetida has the highest 
fibrinolytic activity in a mixture of seven EFE 
components in E. fetida. The structure of EFE-b 
(PDB id 1ym0) has revealed a trypsin-like prote-
ase with two chains: an N- terminal, pyrogluta-
mated light chain and an N-glycosylated heavy 
chain (Wang et  al. 2005a). The two chains are 
connected via a disulphide bridge. Detailed struc-
tural analysis has suggested that EFE-b may rep-
resent an intermediate stage in the evolution of 
vertebrate chymotrypsin and most non-digestive 
trypsin-like proteases (which both consist of two 
chains) from their ancestor (which consists of 
one chain). The increased stability of EFE-b 
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compared to bovine trypsin or chymotrypsin has 
been attributed to several factors such as the pres-
ence of more charged amino acids and a higher 
ratio of Arg/Lys than in bovine trypsin or chymo-
trypsin, the pyroglutamate at the N-terminal 
of  the light chain for protection against 
 aminopeptidase, and increased rigidity at glyco-
sylated residues. The crystal structure of EFE-a 
(PDB id 1m9u) revealed a chymotrypsin-like 
fold with specificity determinants of elastases at 
S1 subsite (Tang et al. 2002). EFE-a and EFE-b 
share a low sequence identity (~35%) and there-
fore have distinct structural features, especially 
in loop regions.

4.6  Aβ-Degrading Enzymes 
in Alzheimer Disease

Accumulation of the amyloid beta (Aβ) peptide 
in the brain is a central factor in the pathogenesis 
of Alzheimer disease (Miners et  al. 2011). A 
number of strategies, including monoclonal anti-
bodies and γ-secretase inhibitors to remove the 
Aβ peptide have attracted attention in recent 
years, without however too much success (Marr 
and Hafez 2014). Proteolytic cleavage of the pep-
tide is another approach that has recently been 
proposed (Nalivaeva et al. 2012).

Neprilysin (NEP) is a membrane zinc endo-
peptidase that has received attention as a poten-
tial therapeutic enzyme owing to its ability to 
degrade the Aβ peptide. However, NEP has a 
wide range of peptide substrates, thus its thera-
peutic potential is currently limited. Efforts to 
create modified version of NEP with improved 
substrate specificity have been described 
(Webster et al. 2014). A G399V/G714K variant 
was found to have an approximately 20-fold 
improved activity on Aβ1–40 and up to a 3200-fold 
reduction in activity on other peptides. The crys-
tal structure (PDB id 4cth) revealed changes in 
the shape and size of the active site pocket that 
could explain the improved performance of the 
variant. In addition to NEP, NEP2, a NEP-like 
endopeptidase which cooperates with NEP to 

control Aβ levels in the brain has also been con-
sidered for Aβ clearance (Marr and Hafez 2014).

4.7  Nicotine Cessation

Tobacco smoking is the leading cause of many 
human diseases, such as cancer and cardiovascu-
lar disease. One of the major constituents of 
tobacco is nicotine, an addictive substance attrib-
uted to habitual smoking. Following its absor-
bance into the bloodstream through the lining of 
the mouth and the lungs, nicotine travels to the 
brain in a matter of seconds. Although vaccina-
tion antibodies to block the entry of nicotine to 
the brain have been used in immunopharmaco-
therapy, no satisfactory results have been pro-
duced so far and further pharmacokinetic data are 
required (Hoogsteder et al. 2014). As an alterna-
tive strategy, nicotine removal by enzymatic deg-
radation has been suggested (Xue et al. 2018).

Pseudomonas putida NicA2, a flavin- 
containing enzyme, catalyzes the oxidation of 
nicotine to N-methyl-myosmine, which is subse-
quently hydrolyzed into a pseudooxynicotine 
product. NicA2 is a member of the flavoprotein 
amine oxidase family. Compared to other mem-
bers of the amine oxidase family, NicA2 has an 
extension of 50 residues at the N-terminal. Fusion 
of an albumin domain to the N-terminal of a 50 
a.a. truncated form of the enzyme has increased 
significantly the half-time of the enzyme without 
affecting its catalytic properties. The structure of 
full-length NicA2 has been determined at 2.2 Å 
resolution (Tararina et  al. 2016). The 50 a.a. 
extension was found disordered in the NicA2 
structure and it was suggested that it may play a 
role in localization. The NicA2 structure consists 
of two domains: a substrate-binding domain and 
a FAD-binding domain (Fig. 4.13). Comparison 
of the FAD-binding domain of NicA2 with that 
of other members of the flavin amine oxidase 
family showed high conservation. The substrate- 
binding domain, which consists of a large cavity 
and a long channel extending from the substrate- 
binding domain to the surface of the protein, was 
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found to be more divergent. Interestingly, a dock-
ing exercise revealed no residues in hydrogen- 
bonding distance to the substrate’s pyridine 
moiety, indicating possible conformational 
changes upon substrate binding. Two residues, 
Trp427 and Asn462, were found to form the 
 so- called ‘aromatic cage’, a highly conserved 
region amongst flavin-dependent amine oxidases. 
In human monoamine oxidase B, the aromatic 
cage includes two Tyr residues and was proposed 
to assist substrate binding and to increase the 
nucleophilicity of the substrate amine. In NicA2, 
Tyr435 is replaced by Asn462 and therefore the 
presence of a polar residue may affect the role of 
the ‘aromatic cage’ in NicA2 regarding substrate 
specificity and catalytic mechanism. The detailed 
mapping of the active site could guide efforts for 
site-directed mutagenesis studies that may 
improve the catalytic efficiency of the enzyme.

4.8  Conclusions and Future 
Perspectives

In recent years, therapeutic enzymes have become 
major players in the pharmaceutical industry. 
Their use is expected to grow in the future as new 
targets have emerged for enzyme-based treat-
ments. The use of enzymes in therapeutic settings 
is not, however, without limitations. The large 
size of the enzymes, their immunogenicity, their 
relatively short half-life and the high purity 
required are key limiting factors in their use. 
Although advancements in drug development 
and delivery over the past few decades have revo-
lutionized enzyme therapy and newer drugs with 
improved stability and less antigenicity have 
been developed many challenges still remain. 
Progress in protein engineering methods offer 
new opportunities for tailoring the biochemical 
and biophysical properties of therapeutic 
enzymes to meet specific needs of clinical appli-
cations. Structural information has played a criti-
cal role in several cases to improve enzyme-based 
therapies and to develop small molecules as 
molecular chaperones and structure stabilizers. 
With the need of future optimization, structural 
information will continue to play a significant 
role in finding new strategies against diseases.
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Application of Fluorescence 
in Studying Therapeutic Enzymes

Zhaoshuai Wang, Caihong Li, and Yinan Wei

Abstract
Fluorescence spectroscopy is one of the most 
important techniques in the study of therapeu-
tic enzymes. The fluorescence phenomenon 
has been discovered and exploited for centu-
ries, while therapeutic enzymes have been 
used in treatment of disease for only decades. 
This chapter provides a brief summary of the 
current applications of fluorescence methods 
in studying therapeutic enzymes to provide 
some insights on the selection of proper 
method tailored to the goal. First a brief intro-
duction about therapeutic enzymes and his-
tory of fluorescence were provided, followed 
by discussions on how fluorescence was 
applied in the studies. Four popular fluores-
cence methods are discussed: fluorescence 
tracing, fluorescence resonance energy trans-
fer (FRET), fluorescence quenching and fluo-
rescence polarization. Selected application of 
the fluorescence methods in studying thera-

peutic enzymes are listed, and discussed in 
details in the following paragraphs.
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CFP Cyan fluorescent protein
YFP Yellow fluorescent protein
Abl Ableson
Bcr Break point cluster
ECFP Enhanced cyan fluorescent protein
HPMA N - ( 2 - h y d r o x y p r o p y l ) 

methacrylamide
ADA Adenosine deaminase
FAM 6-carboxyfluo rescein
MWCNTs Multi-walled carbon nanotubes
IgE Immunoglobulin E
FcεRI The IgE Fc receptor
IFN-γ Interferon gamma

Therapeutic enzymes have been used as diag-
nostic probes and agents in the treatment of dis-
eases for several decades. Comparing to 
small- molecule medicine, therapeutic enzymes 
have much higher molecular weight and more 
complicated structure which lead to their highly 
specific function. Therapeutic enzymes have 
several advantages such as superb specificity, 
well tolerated by the body, effective treatment, 
and versatility to modification and development 
(Leader et  al. 2008). Many techniques help 
speed up the development of therapeutic 
enzymes, including mass spectroscopy (MS), 
circular dichroism (CD) spectroscopy, fluores-
cence spectroscopy, Fourier-transform infrared 
spectroscopy (FTIR), differential scanning calo-
rimetry, etc. (Tatford et  al. 2004; Wei et  al. 
2014). Herein, we’ll discuss how fluorescence 
spectroscopy is applied in studying therapeutic 
enzymes, and mainly focus on four common 
fluorescence methods including fluorescence 
tracing, FRET, fluorescence quenching and flu-
orescence polarization.

5.1  A Brief Introduction 
of Therapeutic Enzymes

Therapeutic enzymes have been widely used in 
medicine as diagnostic probes and therapeutic 
agents for decades (Manchester 1995; Li et  al. 

2012; Goldberg 1992). The first therapeutic 
enzyme approved by Food and Drug 
Administration in USA (US-FDA) is human 
insulin, which is used to treat diabetes mellitus, 
diabetic ketoacidosis, and hyperkalaemia 
(Leader et  al. 2008). A new era of enzymes 
begins following the approval of Adagen® (also 
known as pegademase bovine, product of 
ENZON Pharmaceuticals, Inc.) to treat severe 
combined immunodeficiency disease (SCID) 
(Vellard 2003). Until 2015, US-FDA has 
approved over 200 protein and peptide therapeu-
tics to treat genetic-related (e.g., Fabry disease, 
Gaucher disease, Glycogen storage disease Type 
II) and non- genetic related disease (e.g., cancer, 
chronic inframammary diseases) (Carter and 
Lazar 2018; Goldberg 1992; Kinch 2015; 
Usmani et al. 2017).

Therapeutic enzymes can be classified into 
enzymes with regulatory activity and those with 
special targeting activities (Leader et  al. 2008). 
With regulatory activity, a therapeutic enzyme 
replaces a protein that is deficient or abnormal, 
augments an existing pathway, or provides a 
novel function or activity (Leader et  al. 2008). 
For example, by augmenting an existing path-
way, insulin, the first protein medicine, could 
treat patients with Diabetes Mellitus (American 
Diabetes 2010). In addition to regulatory 
enzymes, enzymes with special targeting activi-
ties compose an important type of therapeutic 
enzymes. The most representative group of thera-
peutic enzymes with special targeting activities is 
monoclonal antibodies (mAbs), which work 
through ligand blockade, receptor blockade, 
receptor downregulation, depletion, and signal-
ing induction (Chan and Carter 2010). The dis-
covery of mAbs expanded the application of 
protein medicines to treatment of cancers or 
autoimmune diseases. For example, rituximab, 
formatted as chimeric Immunoglobulin G1 
(IgG1), has been approved for treatment of non- 
hodgkin lymphoma, rheumatoid arthritis, etc. 
(McLaughlin et  al. 1998). And ipilimumab, 
another drug formatted as human transgenic 
mouse-derived IgG1, has been used to treat mela-
noma (Hodi et al. 2010).
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5.2  A Brief History 
About Fluorescence 
Spectroscopy

Fluorescence describes the phenomenon that a 
substance absorbs light with a certain wavelength 
and then emits photons at a different wavelength. 
The history of fluorescence starts in 1565, when 
the first observation of fluorescence emission was 
reported (Valeur and Berberan-Santos 2011). It 
was discovered later that fluorescence could also 
be observed in crystals of fluorite in 1819. 
Measurement of the fluorescence was not possi-
ble until 1940s when an instrument called the 
“Coleman filter fluorescence” was invented to 
determine the level of drugs in the plasma using 
fluorescence. In 1956, Dr. Robert Bowman 
invented the first fluorescence spectrophotome-
ter, the tool that can vary the wavelength of excit-
ing light and measure the intensity and wavelength 
of the emitted light. Nineteen sixty-two is a big 
milestone year for the development of fluores-
cence technology due to the discovery of the now 
widely used Green Fluorescent Protein (GFP), 
which has stimulated continuous efforts of engi-
neering fluorescent proteins with different excita-
tion and emission wavelengths. Nowadays 
fluorescence spectroscopy as a research tech-
nique has been extensively applied in many 
research fields including medical microbiology, 
genomics, proteomics, bioengineering, etc. 
(Shahzad et al. 2009).

5.3  Application of Fluorescence 
Spectroscopy in Studying 
Therapeutic Enzymes

As aforementioned, the main principle of fluores-
cence is that a substance absorbs light with a cer-
tain wavelength and then emits at a different 
wavelength. To explain the phenomena from a 
molecule level, the electrons of a fluorophore 
absorb energy from a radiation source, jump to a 
higher and unstable singlet state, then emit pho-
tons, and go back to their ground state. Based on 
the main principle, several fluorescence methods 

such as fluorescence tracing, FRET, fluorescence 
quenching, and fluorescence polarization have 
been developed.

Depending on the experimental objective, 
proper fluorescence method can be chosen. To 
study kinetic properties of a protein or a dynamic 
process in vivo, FRET is a good choice. To study 
protein-ligand binding, fluorescence polarization 
could be a good choice. In this review, the appli-
cation of fluorescence in therapeutic enzymes 
will be discussed according to the fluorescence 
methods used. Selected examples are listed in the 
Table 5.1, and they will be discussed in details as 
follows.

5.3.1  Fluorescence Tracing

Fluorescence tracing is the labeling and monitor-
ing of a target protein using a fluorescent probe, 
which is one of the most widely used fluores-
cence method in research. Fluorescent probe can 
be classified into two groups according to their 
size: fluorescent protein tag and fluorescence 
dye. First, fluorescent protein tag, discovered in 
1960s, is extensively employed in biological 
chemistry research. Some examples of fluores-
cent proteins, mainly GFP and its variants, are 
shown in the Fig.  5.1. Second, as shown in 
Fig. 5.2, fluorescence dyes are smaller chemical 
compounds. Beside difference in size, the attach-
ment methods to introduce them to the target pro-
teins are different. Fluorescent proteins are 
attached to target proteins mainly through clon-
ing, while the dyes are attached to target proteins 
by either covalent bonding or molecular interac-
tions (Piston and Kremers 2007; Tyagarajan et al. 
2003). Through monitoring the tracing fluores-
cent probe, researchers could track their target 
protein, even in live cells using a fluorescence 
microscope. Dr. Zhuang’s group (Jones et  al. 
2011) reported 2D and 3D super-resolution imag-
ing of lives cells using photo-switchable dyes 
such as cyanine dye, Alexa Fluor 647 and 
Atto655, and fluorescent proteins EOS and its 
derivatives mEOS2 and tdEOS.
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Applying fluorescence tracing, researchers 
studied therapeutic enzymes in different aspects. 
The first example is about the “Gaucher’s 

Disease”, in which glucocerebroside accumu-
lates in cells due to the gene deficiency of 
Glucocerebrosidase (GBA). To date, there are 

Table 5.1 Summary for application of fluorescence techniques in studies of therapeutic enzymes

Fluorescence 
method Fluorescence molecules used

Therapeutic enzyme 
studied Medical use References

Fluorescence 
tracing

Green ABP 5 and red ABP6 Glucocerebrosidase Gaucher disease (GD) Kallemeijn 
et al. (2017)

Fluorescence 
tracing

7-amino-4-methylcoumarin L-asparaginase Childhood acute 
lymphoblastic 
leukaemia (ALL)

Nath Christa 
et al. (2008)

Fluorescence 
tracing

N-hydroxysuccinimide ester 
rhodamine (piece) and Alexa 
Fluor 488 
5-sulfodichlorophenol ester

Milatuzumab and 
rituximab

Mantle cell lymphoma Alinari et al. 
(2011)

Fluorescence 
tracing

Alexa Fluor 594 and Alexa 
Fluor 488

Plasminogen activator Acute myocardial 
infarction

Leach et al. 
(2004)

Fluorescence 
tracing

5-(acetamido)-fluorescein Streptokinase Myocardial infarction Verhamme 
and Bock 
(2014)

Fluorescence 
tracing

Acridine orange/ethidium 
bromide

Rituximab Refractory follicular 
CD20 + non- 
Hodgkin’s lymphoma 
(NHL)

Li et al. 
(2011)

FRET CFP and YFP Imatinib Chronic myelogenous 
leukemia (CML)

Tunceroglu 
et al. (2010)

FRET Cy5 and Cy7 Doxorubicin-polymer 
conjugate

Cancer Zhang et al. 
(2017)

Fluorescence 
quenching

(HiLyte 
Fluor647)–
LPYPQPK(QXL670)

Prolyl endopeptidase Gastrointestinal tract 
diseases

Schulz et al. 
(2016)

Fluorescence 
polarization

mCherry Insulin Diabetes Yi et al. 
(2015)

FRET PyMPO maleimide and 
fluorescein-5-maleimide

Factor VII Haemophilia A Wakabayashi 
and Fay 
(2013)

Fluorescence 
quenching

Synthesized substrates β-Glucocerebrosidase Gaucher’s disease Yadav et al. 
(2015)

Fluorescence 
polarization

Pyrenesulfonyl chloride Interferon gamma Chronic 
granulomatous disease 
and severe 
osteopetrosis

Falach et al. 
(1997)

Fluorescence 
quenching

A carbon nanotube-based 
fluorescent aptasensor

Adenosine deaminase Severe 
immunodeficiency 
disease

Hu et al. 
(2014)

Fluorescence 
quenching

Alexa Fluor 488 Omalizumab Severe allergic asthma Kim et al. 
(2012)

Fluorescence 
polarization

Alexa Fluor 488 hydrazide Hyaluronidase Increase the 
absorption of injected 
drugs

Murai and 
Kawashima 
(2008)

Fluorescence 
tracing

Oregon Green 488 Imiglucerase Gaucher disease Piepenhagen 
et al. (2010)

Fluorescence 
tracing

Alexa Fluor 546 Alglucerase Gaucher disease Piepenhagen 
et al. (2010)
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mainly two recombinant GBA with N-linked gly-
cans used in treatment of GD in Europe: imiglu-
cerase (Cerezyme®, Genzyme Corporation) and 
velaglucerase alpha (VPRIV®, Shire PLC). 
Wouter W. Kallemeijn and colleagues (Kallemeijn 

et  al. 2017) developed a new fluorescent tech-
nique to visualize GBA molecules using activity- 
based probes (ABP) green ABP5 and red ABP6. 
They comparatively studied the binding and 
uptake of ABP-labelled imiglucerase and vela-

Fig. 5.1 GFP and its variants. (a) GFP.  Excitation 
488 nm, emission 507 nm. Protein Data Bank (PDB) ID 
1GFL. (b) YFP. Excitation 514 nm, Emission 527 nm. The 
mutations relative to GFP: S65G, V68L, Q69K, S72A, 
T203Y, A206K.  PDB ID: 1MYW. (c) CFP.  Excitation 

433 nm Emission 475 nm. The mutations relative to GFP: 
F64L, S65T, Y66W, N149I, M153T, V163A, A206K. PDB 
ID: 2WSN. (d) mCherry. Excitation 587  nm. Emission 
610 nm. The mutations relative to GFP (~41 mutations): 
N6D, R17H, K194N, T195V, D196N, etc. PDB ID: 2H5Q 
(Shaner et al. 2004, 2005)

Fig. 5.2 Representative small-molecule fluorescence 
dyes and their maximum wavelength of excitation and 
emission: fluorescein isothiocyanate (FITC, Ex 490 nm, 
Em 525 nm), CPM (Ex 384 nm, Em 470 nm), Alexa Fluor 

488 (Ex 490  nm, Em 525  nm), Acridine Orange (Ex 
501 nm, Em 525 nm), Luciferin (Ex 327 nm, Em 537 nm) 
and Bodipy (Ex 503 nm, Em 512 nm)

5 Application of Fluorescence in Studying Therapeutic Enzymes
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glucerase in different cells including dendritic 
cells, cultured human macrophages, and live 
mice.(Kallemeijn et  al. 2017) Besides imiglu-
cerase and velaglucerase alpha, alglucerase 
(Ceredase®, Genzyme Corporation) can also be 
used in treatment of Gaucher’s Disease. Peter 
A. Piepenhagen et al. investigated the biodistri-
bution of two therapeutic enzymes Cerezyme® 
and Ceredase® using direct fluorescence labeling 
and confocal microscopy. In their study, the fluo-
rescence dyes Oregon Green 488 and Alexa Fluor 
546 were used to label the two therapeutic 
enzymes, which were administrated into mice 
through tail veins for animal study. Both thera-
peutic enzymes were detected in intact cells and 
organs, and the relative amounts of the enzymes 
were quantified.

The discovery and clinically use of antibody 
drugs is a big step forward in modern medicine 
(Carter and Lazar 2018). Using two different 
fluorescence dye N-hydroxysuccinimide ester 
rhodamine (Piece) and Alexa Fluor 488 5-sul-
fodichlorophenol ester (Invitrogen), the combi-
nation of two antibody drugs anti-CD74 
(milatuzumab, Immunomedics) and anti-CD20 
(rituximab, Genentech) in the treatment mantle 
cell lymphoma (MCL) were investigated. With 
the help of fluorescent tracing, the death of all 
MCL cells treated by the two antibody drugs 
was easily observed using a confocal micro-
scope (Alinari et al. 2011). Rituximab was also 
investigated by Li et  al. (2011), who studied 
the mechanism of apoptosis of B-lymphoma 
cells induced by rituximab using acridine 
orange/ethidium bromide double fluorescent 
staining. In their study, apoptosis of 
B-lymphoma cells could be clearly identified 
using dual fluorescence merge images obtained 
on a fluorescence microscope. In addition to 
studying the effect or mechanism of antibody 
drugs, some fluorescence-based assays useful 
in disease diagnosis have also been developed. 
Szittner and colleagues (2013) developed a 
fluorescence-based method in which antigen 
microarray was applied to identify serum anti-
bodies. Then the antigen-antibody complexes 
were identified by the secondary antibody IgG 
labeled by a fluorescence dye FITC. This well- 

developed system could be applied in autoim-
mune disease diagnostics.

Streptokinase, which converts plasminogen to 
plasmin, is used in the treatment of several dis-
eases such as acute evolving transmural myocar-
dial infarction, pulmonary embolism, and deep 
vein thrombosis (Leader et al. 2008). Leach et al. 
(2004) explored the mechanism by which micro-
encapsulated streptokinase (MESK) accelerates 
clot digestion compared to unencapsulated strep-
tokinase (FREE SK) and reduces reperfusion 
times by as much as an order of magnitude 
in  vivo. Alexa Fluor 594 and Alexa Fluor 488 
were used to label fibrinogen and streptokinase, 
respectively. Images taken using Olympus 
Fluoview FV-500 Confocal Laser Scanning 
Biological Microscope showed that MESK had 
faster and higher penetration rate than FREE 
SK. Verhamme et al. (Verhamme and Bock 2014) 
studied the interaction between streptokinase and 
zymogen plasminogen or plasmin. They labelled 
the active sites of plasminogen or plasmin with 
5-(iodoacetamido) fluorescein. Through stop- 
flow fluorescence spectrometry studies, they pro-
posed a mechanism in which the 
streptokinase-plasminogen complex formed in a 
three-step process.

5.3.2  FRET

FRET is a powerful tool to study kinetic proper-
ties of proteins. The main principle is that when 
a “donor” fluorophore is close to a “acceptor” 
fluorophore, energy transfer can occur through 
non- radiative dipole-dipole coupling 
(Pietraszewska-Bogiel and Gadella 2011). In 
this process, the acceptor which absorbs the 
energy from the donor is excited and subse-
quently emits light at a longer wavelength than 
the donor fluorophore when it relaxes from the 
excited state to the ground state (Helms 2008). 
According to this principle, the intensity of 
FRET signal depends on the distance between 
the donor and accepter fluorophores, so that 
FRET is widely applied in studies involving con-
formational change of the protein or protein-pro-
tein interactions. For instance, using FRET 
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between fluorescent protein pairs cyan fluores-
cent protein (CFP) and yellow fluorescent pro-
tein (YFP), Miyawaki et  al (1997) investigated 
the interaction between two proteins (calmodu-
lin and M13) in response to an increasing con-
centration of Ca2+. Kurokawa et al. (2001) used 
this method to investigate the conformational 
change of phosphorylated adaptor protein, CrkII, 
in  vivo and found epidermal growth factor-
induced phosphorylation of CrkII was initiated 
at the peripheral plasma membrane.

Chronic myelogenous leukemia, a disease 
occurred in Hematopoietic stem cells, is mainly 
caused by the fusion between the Ableson (Abl) 
tyrosine kinase gene and the break point cluster 
(Bcr) gene. An active protein named Bcr-Abl, 
which is expressed from the fused gene, is the 
main target for medication such as imatinib 
(Ciftci et  al. 2018; Nowell 2007). Tunceroglu 
et  al. (2010) developed one rapid and sensitive 
FRET-based method using CFP and YFP as a 
FRET pair to determine the activity of Bcr-Abl 
and its inhibition by drug candidates. They fused 
YFP and CFP before and after the SH2-SH3 
domain, respectively. FRET occurred if Bcr-Abl 
is active, while there is no FRET if imatinib or 
other effective drug candidate is present to inhibit 
the activity of Bcr-Abl. Therefore, the sensitivity 
to conformational change enabled the application 
of the FRET method in the screening of therapeu-
tic enzymes. A sandwich construct in which 
CrkL, a major substrate of Bcr-Abl kinase, placed 
between Venus (a variant of YFP) and enhanced 
cyan fluorescent protein (ECFP) has been created 
as a FRET bio-sensor. The Venus-CrkL-ECFP 
construct displayed a high FRET signal while it 
is active.

Enzyme-responsive backbone degradable car-
riers, which can release drugs in tissue or cells, is 
widely used in the treatment of cancer (Yang 
et al. 2011). Zhang et al. (2017) investigated the 
enzyme responsive performance of N-(2- 
hydroxypropyl) methacrylamide (HPMA) 
copolymer- based drug delivery system in  vivo 
and in vitro using FRET in which Cy5 and Cy7 
were applied as donor and acceptor, respectively. 
Cy5 was attached to the HPMA backbone while 
Cy7 was attached to the termini of a peptide side 

chains. When the enzyme or other drug candidate 
cleaves the peptide, FRET signal is switched off. 
A notable FRET change was observed in an 
in  vitro model in which Human ovarian cancer 
cells (A2780 and OVCAR-3) and mouse embryo 
fibroblast cells NIH/3T3 were used, and in in vivo 
model in which mice bearing the A2780 human 
ovarian tumor were used. This system is good for 
evaluating drug candidate including protein drug 
candidate at the levels of cells, tissue, and even in 
animal models.

5.3.3  Fluorescence Quenching

The third popular fluorescence method is fluores-
cence quenching, which is widely used to evaluate 
protein binding or folding. Fluorescence quench-
ing could be observed either by taking advantage 
of the intrinsic fluorescent residues such as trypto-
phan, or introduced fluorescent probes. The intrin-
sic fluorescence quenching has been used to study 
the properties of proteins, such as structure or sta-
bility (Ye et  al. 2014). An example is a study 
involving variants of calcium- regulatory protein 
calmodulin. Yuan et al. (1998) determined the ori-
entation of the myosin light chain kinase and 
calmodulin kinase I bound to calmodulin. The fol-
lowing examples involves the quenching of the 
fluorescence dye, which is used more frequently in 
studies on therapeutic enzymes.

MX, the prolyl endopeptidase variant, is a 
potential therapy for celiac diseases and other 
gluten related disorders. Schulz and colleagues 
(2016) explored method to stabilize MX without 
comprising their activity by conjugating poly-
mers at different locations. Then they measured 
the activity of conjugated polymer-MX complex 
in vitro and in vivo. To determine the activity of 
MX-polymer in rats, a fluorophore/quencher pair 
peptide (HiLyte Fluor647)–LPYPQPK(QXL670) 
was administered in to the gastrointestinal tract, 
followed by injection of the MX-polymer conju-
gates. Fluorescence signal cannot be observed 
until the peptide was cleaved by the conjugates 
which indicated the MX-polymer was active. 
They found that several PEG polymers performed 
well in stabilizing MX while maintaining its 
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activity, which is a promising modification that 
might be useful in clinical applications.

Adenosine deaminase (ADA), which metab-
olizes adenosine to prevent the accumulation of 
adenosine due to the deficiency of the intrinsic 
ADA gene in patients, is used in treatment of 
severe combined immunodeficiency disease. Hu 
et  al. (2014) developed a fluorescence-quench-
ing based method to detect the activity of ADA 
using a fluorescence dye 6-carboxyfluo rescein 
(FAM). Multi-walled carbon nanotubes 
(MWCNTs) and two FAM-labeled anti-adenos-
ine oligonucleotides were also involved in the 
method. Adenosine binds with FAM labeled oli-
gonucleotides in the absence of ADA, forming a 
complex that cannot bind to MWCNTs, which 
lead to a high background fluorescence. 
Adenosine was converted into inosine when 
ADA was introduced into the system so that the 
oligonucleotides can be adsorbed onto 
MWCNTs, resulting in fluorescence quenching 
of FAM dye.

The binding of immunoglobulin E (IgE) with 
the IgE Fc receptor (FcεRI) is found on mast 
cells and basophils, triggering allergic response. 
Some medication like omalizumab has been 
developed to inhibit the binding to treat severe 
allergic asthma. However, the dissociation of the 
binding of IgE- FcεRI is extremely slow, even 
though the inhibitors are administrated. Herein, 
Kim et al. (2012) developed a protein inhibitor of 
IgE- FcεRI, FcDARPin E2_79, which acts 
through a non-classical inhibition mechanism to 
actively stimulating the dissociation of the 
ligand-receptor complex. In their study, a double 
mutant of IgE-Fc3–4 was labeled with Alexa Fluor 
488 at residue 367, which is close to the binding 
site. Fluorescence quenching of Alexa Fluor488 
labeled protein AF488-Fc was observed when 
inhibitors such as FcεRI or omalizumab (anti-IgE 
therapeutic enzyme) was present. The engineered 
protein DARPin E2_79 did not lead to quench-
ing, which suggested a different inhibition mech-
anism by the protein. The new finding indicated 
that the complex IgE-FcεRI can be dissociated 
with a different mechanism from omalizumab, 
which could be used to block the allergic response 

and provide new solutions for treating allergy 
and asthma.

5.3.4  Fluorescence Polarization

Fluorescence polarization is a convenient and 
powerful technique to study protein-protein and 
protein-ligand interactions. The main principle is 
that when a fluorescent molecule is excited with 
plane-polarized light, the emitted light is depolar-
ized due to the rapid movement of the fluoro-
phores. When the fluorophore binds with a large 
molecule, its movement is slowed so that the 
emitted light is less depolarized. Fluorescence 
polarization has been applied to study molecular 
interactions such as DNA-protein interactions, 
protein-protein interactions and protein-ligand 
interactions. This method has been applied to 
study the dynamic properties of proteins and how 
the enzymes catalyze reactions. In addition, it has 
also been used to characterize how proteins inter-
act with each other (Tompa et al. 1987).

Human insulin, the first recombinant thera-
peutic enzyme, has been used in the treatment of 
diabetes mellitus for more than 30 years (Leader 
et  al. 2008). Some biosensor based on fluores-
cence polarization has been developed to track 
insulin dynamics in live cells and secretion in 
pancreatic β-cells. The fluorescent protein 
mCherry was attached to insulin, whose fluores-
cence polarization can reflect whether insulin 
was packaged into the granules (Yi et al. 2015). If 
insulin-Cherry was free and out of the granules, it 
showed high fluorescence polarization; while the 
polarization signal was decreased due to homo- 
FRET between molecules if many insulin-Cherry 
complexes were accumulated in the granules. 
The fluorescent biosensor provided a new way to 
assess protein-protein interaction or protein 
aggregation in live cells.

Interferon gamma (IFN-γ), which increases 
inflammatory and antimicrobial response, has 
been used to treat chronic granulomatous disease 
and severe osteopetrosis (Leader et  al. 2008). 
Falach et  al. (1997) developed a fluorescence 
polarization based method to study the initial 
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interaction between IFN- γ and human amnion 
WISH cells. The enzyme was labeled using the 
fluorescence dye pyrenesulfonyl chloride. 
Fluorescence polarization result showed that the 
signal increased fourfold when IFN- γ bound to 
the human amnion WISH cells compared to the 
free IFN- γ. The fluorescence labeled enzyme 
provided a novel tool for studying the mechanism 
of interaction between the antiproliferative lym-
phokine and cancer cell receptors.

Hyaluronidase is routinely used as an adjuvant 
to increase the absorption of injected drugs by 
catalyzing the hydrolysis of hyaluronic acid to 
increase the tissue permeability (Leader et  al. 
2008). Murai et al. (Murai and Kawashima 2008) 
established a simple assay to measure degrada-
tion of hyaluronan by hyaluronidase based on 
fluorescence polarization. In the assay, hyaluro-
nan was fluorinated with Alexa Fluor 488 hydra-
zide which can be detected by a fluorescence 
spectrometer. Fluorescence polarization mea-
sured at 519 nm emission decreased if hydaluro-
nan was degraded by haluronidase, and the result 
was also confirmed by agarose gel electrophore-
sis. The developed method could provide a con-
venient way to detect the activity of cellular 
hyaluronidase and the binding with its 
substrates.

5.4  Conclusion

In this chapter, the history of therapeutic enzymes, 
the history of fluorescence, and the principles of 
the four fluorescence methods were reviewed. In 
addition, selected examples about how these flu-
orescence methods were applied in the studies 
provide some insight on choosing proper fluores-
cence method depending on the research target. 
However, there are not many studies of therapeu-
tic enzymes in which fluorescence methods are 
employed, when we do the literature search. 
Since the development of therapeutic enzymes is 
faster than before, more efforts may be necessary 
for exploring how to apply fluorescence to facili-
tate those studies.
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Abstract
Therapeutic proteins are a rapidly growing 
class of drugs in clinical settings. The pharma-
cokinetics (PK) of therapeutic proteins relies 
on their absorption, distribution, metabolism, 
and excretion (ADME) properties. Moreover, 
the ADME properties of therapeutic proteins 
are impacted by their physicochemical char-
acteristics. Comprehensive evaluation of these 
characteristics and their impact on ADME 
properties are critical to successful drug devel-
opment. This chapter summarizes all relevant 
physicochemical characteristics and their 
effect on ADME properties of therapeutic 
proteins.
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Tmax Time to peak concentration
TMDD Target mediated drug disposition
TNF Tumor necrosis factor
Vd Volume of distribution

6.1  Introduction

In recent decades, the clinical application of ther-
apeutic proteins has revolutionized the treatment 
of many diseases. Since the approval of the 
recombinant human insulin in early 1980s, pro-
tein therapeutics have rapidly gained popularity 
in clinical use. To date, more than 140 therapeutic 
proteins have been granted approval from the 
U.S. Food and Drug Administration (FDA), for a 
wide range of indications, from alleviation of 
neuropathic pain to rheumatoid arthritis and lyso-
somal storage diseases.

Therapeutic proteins are biological products 
(biologics) produced from living organisms or 
contain component of living organisms (Dorai 
and Ganguly 2014). Over the past decades, the 
fast-evolving biotechnologies have also facili-
tated the development of numerous protein thera-
peutics such as cytokines, growth factors and 
replacement enzymes. The most remarkable 
milestone is the emergence of antibody therapeu-
tics (Macielag 2012; Cavagna and Taylor 2014; 
Vidarsson et al. 2014; Wang et al. 2015).

Compared to small molecule drugs, therapeu-
tic proteins have unique characteristics that 
underlie their pharmacokinetics and pharmaco-
dynamics (PK/PD). Understanding protein char-
acteristics that impact clinical performance of 
therapeutic proteins are essential for drug devel-
opment of different phases. For example, product 
PK-influencing attributes could inform drug 
design and evaluation and dosing regimen selec-
tion in preclinical and clinical studies. This chap-
ter describes all relevant physicochemical 
characteristics that impact ADME processes of 
therapeutic proteins.

Each section in this chapter briefly introduces 
the mechanisms governing the involvement of 
protein therapeutics in each ADME process. The 

subsequent subsections describe relevant protein 
physiochemical characteristics and their roles in 
the corresponding mechanisms. Furthermore, 
with data analytics for FDA-approved protein 
therapeutics as real examples, this chapter 
focuses on the established relationship between 
protein characteristics and PK performance, as 
well as the successful strategies for PK improve-
ment. Finally, this chapter builds a comprehen-
sive roadmap to summarize all established 
correlations between physiochemical character-
istics of FDA approved therapeutic proteins and 
their ADME properties.

6.2  Impact of Physicochemical 
Characteristics 
on Absorption

The approved therapeutic proteins are mostly 
delivered through the subcutaneous (SC) or intra-
venous (IV) route of administration. As the intra-
venous administration route bypasses the 
absorption phase, this section primarily focuses 
on therapeutic proteins administered via the sub-
cutaneous (SC) route. The rate and extent of 
absorption after subcutaneous dosing is depen-
dent on factors such as the molecular structure, 
weight, size, and charge.

6.2.1  Molecular Weight and Size

The molecular weight of a therapeutic protein is 
its total molecular mass, which is composed of 
the mass of its amino acid sequence and the mass 
of modifications. The molecular size of a thera-
peutic protein, directly correlated with its molec-
ular weight, represents its geometric dimensions. 
The primary structure of a therapeutic protein 
represents its amino acid sequence.

After SC administration, therapeutic proteins 
are delivered to the hypodermis that is primarily 
composed of negatively charged extracellular 
matrix (ECM) (Kinnunen and Mrsny 2014; 
Richter et al. 2012). From the ECM, therapeutic 
proteins enter systemic circulation through two 
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routes: blood capillaries via diffusion and lym-
phatic vessels via convection. The probability of 
absorption via convection increases with the 
increase in their molecular weight (MW) (Porter 
and Charman 2000; McLennan et al. 2005), with 
proteins larger than 15–20 kDa entering the cir-
culation system primarily through the lymphatic 
system (Supersaxo et  al. 1990). Studies have 
identified a correlation between Tmax and MW 
(Porter and Charman 2000; Kagan 2014). 
Therapeutic proteins with MW from 9.4 to 
18.8 kDa and 31–63 kDa generally reach Tmax at 
0.5–5 h and 14–72 h, respectively, after adminis-
tration. Antibodies or derivatives with MW of 
150 kDa have Tmax values in the range of 40 h to 
13 days (Fig. 6.1).

Molecular size also affects absorption (Tibbitts 
et  al. 2016). Products with similar molecular 
weights but different molecular size may exhibit 
different Tmax values (Fig.  6.1). Although the 
molecular weight of a protein correlates with its 
physical size, other physicochemical structural 
factors, such as modification and folding, could 
also impact its molecular size and thus the 
absorption profile.

6.2.1.1  Higher-Order Structure
The higher-order structure of a therapeutic pro-
tein means its three-dimension tertiary structure, 
which is affected by its primary structure. 
Moreover, higher-order structure also covers 

protein quaternary structure such as dimeriza-
tion. Self-association of therapeutic proteins 
may affect absorption through its impact on MW 
and size. Having numerous analogs, insulin 
products are excellent examples illustrating the 
impact of dimerization on absorption (Fig. 6.2). 
Regular human insulin (i.e., Humulin R) is 
absorbed as hexamers (Palmieri et al. 2013) with 
a Tmax of 4–8 h. By contrast, aspart insulin ana-
logs (such as Novolog and Fiasp), bearing a 
mutation of proline28 to Aspartate in the B 
chain, have a Tmax of 40–60 min. The difference 
in Tmax between human insulin and aspart insulin 
analog is due to this single mutation that results 
in a change in oligomeric state (Brange and 
Volund 1999; Brange et al. 1988, 1990; Volund 
et al. 1991). Likewise, a series of other insulin 
mutants, identified by mutational analysis target-
ing the dimer interface, tend to form weaker 
oligomers and perform as fast-acting insulin 
drugs (Brange et al. 1988). For example, insulin 
(Humalog) with flipped lysine28/proline29 
mutation and insulin glulisine (Apidra) with 
double mutations in B chain has a Tmax of 
30–90 min and 55 min, respectively. As another 
example, glargine insulin (Basaglar and Lantus) 
possesses two additional arginine residues and 
thus enhanced oligomerization, resulting in pro-
longed absorption with Tmax about 12 h (Owens 
2012; Hilgenfeld et al. 2014).
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6.2.2  Molecular Charge

The molecular charge of a therapeutic protein 
represents its net surface charge, commonly indi-
cated by its isoelectric point (pI).

The negatively charged ECM may capture the 
positively charged portions of a therapeutic pro-
tein. Since most monoclonal antibodies (mAbs) 
or fusion proteins have a pI between seven and 
nine, the electrostatic interaction with ECM 
might delay their release to blood (Khawli et al. 
2010; Bumbaca et al. 2012). For example, while 
Trulicity (dulaglutide) and Mircera (methoxy 
polyethylene glycol-epoetin beta) have similar 
MWs of ~60 kDa, they have different absorption 
rates (Tmax of 48 and 72  h, respectively) which 
may be attributed to their difference in pIs (pI of 
5.5 and 8.8, respectively).

6.2.3  Bioavailability

The extent of absorption after subcutaneous 
administration is dependent on pre-systemic 
clearance, which is dependent on multiple factors 
including MW, solubility and interaction with 
receptors, etc. (Datta-Mannan et al. 2012; Deng 
et  al. 2012). Thus, no obvious trend could be 
observed between bioavailability and MW after 
SC administration (Fig. 6.3).

6.3  The Impact 
of Physicochemical 
Characteristics 
on Distribution

The volume of distribution of therapeutic pro-
teins is affected by factors such as molecular 
weight, size, charge, and structure (Tabrizi et al. 
2010; Tibbitts et al. 2016).

6.3.1  Molecular Weight and Size

Monoclonal antibodies (mAbs) exhibit limited 
distribution from the blood to the peripheral tissue 
primarily due to their large molecular size (Lobo 
et al. 2004). In general, the distribution of mAbs is 
restrained primarily in blood plasma and limited 
interstitial spaces (Boswell et al. 2010; Dostalek 
et  al. 2013). The Fab fragments have larger  
volume of distribution because of smaller size 
(Thurber et  al. 2008; Tabrizi et  al. 2010). Full-
length IgG therapeutics targeting TNF, on the 
other hand, are primarily distributed within the 
blood stream (Tabrizi et al. 2010).

6.3.2  Molecular Charge

Molecular charge of therapeutic proteins underlies 
their interactions with biological components that 
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influence their distribution. For instance, one of 
the major mechanisms that govern distribution of 
antibody therapeutics to tumor tissues relies on 
receptor-mediated endocytosis and binding to the 
cellular antigens (Weinstein and van Osdol 1992; 
Tabrizi et  al. 2010). Tighter binding between a 
mAb and tumor cells results in increased retention 
of an antibody at the periphery of tumor nodules, 
which form a binding-site barrier for antibody 
drugs (Graff and Wittrup 2003; Tabrizi et al. 2010). 
Playing a vital role in antibody elimination, the 
interaction between mAbs and neonatal Fc recep-
tor (FcRn), which is essential to the FcRn-mediated 
endocytosis, also promotes tissue distribution of 
antibody therapeutics (Martins et al. 2016).

6.3.3  Primary and Higher-Order 
Structure

The primary structure of therapeutic proteins 
could also influence their distribution. For 
instance, compared to full-length mAbs, the Fab 
fragment alone may have larger volume of distri-
bution because it has less potential for interaction 
with FcRn and thus can better overcome the 
binding-site barrier and penetrate deeper into tis-
sues (Thurber et al. 2008; Tabrizi et al. 2010).

Additionally, the change in higher-order struc-
ture of a therapeutic protein can alter its distribu-

tion profile via change in apparent molecular 
size. For instance, the mean Vd of Humalog, an 
insulin lispro with disrupted dimerization as 
mentioned above, appeared to decrease with 
increase in dose (1.55 and 0.72  L/kg, respec-
tively) in contrast to that of regular human insulin 
for which, Vd was comparable across the two 
dose groups (1.37 and 1.12  L/kg for 0.1 and 
0.2 U/kg dose, respectively) (FDA database for 
labeling 2018).

6.3.4  Other Factors

Interactions with pharmacological targets on tis-
sues or in plasma influence distribution of thera-
peutic proteins as well (Tabrizi et  al. 2010). In 
addition to the abundance of the targets 
expressed, its interaction affinity with the drug 
can also have an impact on distribution. 
Structural factors, such as primary structure 
design and molecular charge, determine the 
interaction pattern between the drug and the 
drug target. More interestingly, for bispecific 
antibody-derived therapeutics, the relationship 
between binding affinity and distribution is not 
monotonic (List and Neri 2012; Kanodia et  al. 
2016). For instance, for the T-cell engagers, high 
affinity with T-cells will inhibit penetration to 
tumor tissues (List and Neri 2012). In another 
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case, although anti-transferrin receptor (TfR)-
based bispecific antibodies bind to TfR in order 
to pass the blood-brain-barrier, an intermediate 
affinity is required (Kanodia et al. 2016).

6.4  The Impact 
of Physicochemical Factors 
on Elimination

Therapeutic proteins are generally eliminated by 
two pathways: proteolytic catabolism and renal 
elimination (Shi 2014; Zhao et al. 2012), depend-
ing on its molecular weight. Kidneys may play a 
relevant role in the catabolism and elimination of 
only those biologics that have a size below the cut-
off for glomerular filtration of approximately 
60–70  kDa (Shi 2014; Vugmeyster et  al. 2012; 
Tibbitts et al. 2016). For antibody-based therapeu-
tics including monoclonal antibodies (mAbs), chi-
meric antibodies, antibody-drug conjugate (ADC), 
Fab and fusion proteins, the MW is generally 
much bigger than 60 kDa (Fig. 6.4), and proteo-
lytic catabolism is the main elimination pathway.

6.4.1  Molecular Weight and Size

Clearance of therapeutic proteins can be modi-
fied through the change in weight and size such 
as dimerization and PEGylation. As an example, 

the therapeutic enzyme Fabrazyme (agalsidase 
beta) is a homodimer and has an apparent MW of 
100 kDa. It is in equilibrium with its monomer of 
a MW of 50 kDa. The monomer is able to elimi-
nate renally, promoting dissociation of the dimer. 
This process may help explain the short half-life 
of Fabrazyme (45–102 min).

PEGylation is a widely used to modify the 
physical size of small therapeutic proteins. It 
modifies biologics by covalent conjugation with 
polyethylene glycols (PEGs). In general, 
PEGylation can improve drug solubility, 
decrease immunogenicity, prolong residence 
time in body, and decrease degradation by meta-
bolic enzymes, resulting in the improved PK and 
PD properties. A variety of biologics have been 
PEGylated with different PEGs to improve PK 
properties (Veronese and Pasut 2005; Hamidi 
et  al. 2006; Jevsevar et  al. 2010). First, attach-
ment of PEG moieties greatly increases MW of 
therapeutic proteins. For instance, the 
PEGylaiton of asparaginase increases its MW 
from 34.5 to 380–450 kDa by attaching 69–82 
molecules of mono-PEG (5 kDa each), resulting 
in a prolonged half-life of 5.8 days of Oncaspar 
(pegaspargase). The PEGylation of uricase 
(34 kDa) with approximately 40 PEG moieties 
increases the MW to 540 kDa and significantly 
increases its half-life (Richette et  al. 2014). 
Cimzia (Certolizumab Pegol Injection), with a 
half-life of 14 days, is composed of an antibody 
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Fab fragment (50 kDa) conjugated to a 40 kDa 
PEG moiety. Second, PEGylation can increase 
the hydrodynamic radius. PEG exhibits a much 
greater molecular volume due to the extended 
conformation of the PEG polymer per unit of 
mass (Caliceti and Veronese 2003). Pegfilgrastim 
(39 kDa) consists of a single 20 kDa linear PEG 
molecule attached to filgrastim (18.8 kDa). The 
half-life of pegfilgrastim is much longer than fil-
grastim (15–80 h compared to 3.5–9 h, respec-
tively) because the attached PEG moiety 
significantly increases the hydrodynamic radius 
(Yang and Kido 2011). Finally, PEGylation can 
increase the stability and reduce the catabolic 
elimination. The highly hydrated polyether 
backbone of the PEG moiety helps Pegasys 
(Peginterferon alfa-2a) forms a water shield, pre-
venting the degradation by proteolytic enzymes 
and thus increasing the half-life of the parent 
protein (Jevsevar et al. 2010).

6.4.2  Charge

More negatively charged small proteins are less 
likely cleared by renal filtration because of the 
negatively charged framework of the kidney 
(Porter and Charman 2000). For instance, both 
Proleukin (Aldesleukin) (15.3 kDa) and Kalbitor 
(Ecallantide) (7.1  kDa) are cleared renally, but 
Aldesleukin has a shorter half-life compared to 
Ecallantide (13–85  min vs. 2  h, respectively). 
The small difference in half-life might be partly 
attributed to the difference in pI between 
Aldesleukin (pI: 6.83) and Ecallantide (pI: 5.58).

Total or local charge of therapeutic proteins 
can be modified by glycosylation. Aranesp 
(Darbepoetin alpha), for instance, is a 165-amino 
acid protein (37 kDa) that differs from Epogen/
Procrit (Epoetin alfa) (30  kDa) by containing 
five N-linked oligosaccharide chains instead of 
three. While the two additional carbohydrate 
chains increase the MW of the glycoprotein by 
only 7  kDa, darbepoetin alpha has a threefold 
longer terminal half-life than epoetin alfa. The 
two additional carbohydrate molecules provide 
darbepoetin alpha significantly more negative 
charges as compared to epoetin alfa, thus elon-

gating the half-life (Egrie and Browne 2002). 
Another case example of where glycosylation 
impacts clearance of a product is for Extavia 
(Interferon beta- 1b) (18.5 kDa) and Rebif (inter-
feron beta-1a) (22.5 kDa). The glycosylation of 
interferon beta- 1a increases its solubility and 
stability in contrast to unmodified interferon 
beta-1b, resulting in a longer half-life for inter-
feron beta-1a (69 h vs. 8 min to 4.3 h, respec-
tively) (Song et al. 2014).

6.4.3  Elimination of Antibody- 
Based Therapeutics

Antibody-based therapeutics include mAbs, chi-
meric antibodies, antibody-drug conjugate 
(ADC), Fab and fusion proteins. As shown by 
Fig. 6.4, in general, therapeutic antibodies exhibit 
significantly longer half-lives than smaller non- 
antibody therapeutic proteins. The elimination of 
these therapeutics mainly occurs via intracellular 
catabolism (proteolysis) through two major cata-
bolic pathways: Fc receptor mediated clearance 
and target mediated clearance (Lobo et al. 2004; 
Zhao et al. 2012).

The Fc receptor family is composed of cell 
surface receptors. Two major types of human Fc 
receptors that bind Fc domain of IgG are Fc 
gamma receptors (FcγR) and neonatal Fc recep-
tor (FcRn) (Pechtner et al. 2017). The function of 
FcRn and the mechanism governing its protective 
role in antibody drug elimination have been well 
established. Briefly, FcRn protects IgG from 
lysosomal degradation and recycling IgG back 
into the circulation via specific binding to Fc 
domain of IgG. This recycling pathway preserves 
serum antibody level of IgG (Liu 2018; Lencer 
and Blumberg 2005; Sockolosky and Szoka 
2015; Wang et al. 2008; Zhao et al. 2012; Pechtner 
et al. 2017). Changes in IgG-FcRn binding affin-
ity resulted in altered clearance rate and half- 
lives of antibody drugs (Ghetie et  al. 1997; 
Dall’Acqua et  al. 2002, 2006; Vaccaro et  al. 
2005; Zalevsky et al. 2010). The structural prop-
erties of antibodies play an essential role in their 
interaction with FcRn and therefore FcRn- 
mediated recycling. Underlying the IgG-FcRn 
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binding are two major structural factors of anti-
body therapeutics: surface charge and primary 
structure.

6.4.4  Primary Structure

Given that all FDA-approved antibody drugs are 
developed based on IgG1, IgG2 and IgG4 sub-
types, these antibodies should potentially have an 
elimination half-life of approximately 21  days 
(Zhao et al. 2012; Dall’Acqua et al. 2002; Ghetie 
et al. 1997; Levêque et al. 2005). However, elimi-
nation half-lives of all marketed IgG1-based anti-
bodies differ widely (Fig. 6.4). One of the major 
physiochemical features that underlie this diver-
sity is the degree of humanization of antibody 
therapeutics, which include human IgG, human- 
murine chimeric and humanized IgG. Human and 
rat FcRn receptors share only 65% amino acid 
sequence homology, causing the differences in 
IgG-FcRn affinity and, in turn, FcRn-mediated 
elimination of mAbs between the two species 
(Kuo et al. 2010; Dostalek et al. 2013). Indeed, 
among all antibodies approved by FDA, there 
exists a correlation between half-life and the 
degree of antibody humanization. Elimination 
half-life increases with the increase in humaniza-
tion of the antibody therapeutics (Fc 
absence  <  murine  <  chimeric  <  human-
ized < human), a trend consistent with the previ-
ously suggested order (Zhao et al. 2012; Dostalek 
et  al. 2013). Abciximab and idarucizumab, for 
instance, have a short half-life of 0.5 and 10.3 h, 
respectively, because they contain only the Fab 
fragments of IgG thus lack of Fc-FcRn interac-
tion. This shortened half-life is consistent with an 
animal study showing that IgG in mice without 
FcRn is catabolized significantly faster than wild- 
type mice (Lobo et al. 2004; Zhao et al. 2012). 
One FDA-approved bispecific antibody deriva-
tive, Blincyto (Blinatumomab), represents 
another striking case for the impact of Fc absence 
on elimination. Blinatumomab exhibits a half- 
life of only 2.1 h because it is comprised of only 
Fab domains.

Although possessing the human Fc domain 
could theoretically result in chimeric antibodies 

with similar elimination rates as humanized or 
human IgG, the observed difference in half-life 
indicates that the intact human IgG structure may 
be required to fully restore the native IgG-FcRn 
interaction. The antigen binding (Fab) portion of 
native IgG may either contribute to FcRn binding 
or reduce the elimination of IgG through other 
mechanisms. In addition to direct therapeutic 
functions, full-length IgG as well as IgG frag-
ments are effective carriers of therapeutic agents 
such as small molecules or proteins. Small mol-
ecule therapeutics such as tumor toxins are cova-
lently attached to mAbs to form antibody-drug 
conjugates (ADC) (Lambert 2005; Senter 2009; 
Wu and Senter 2005). Similarly, some protein 
therapeutics can be also linked to mAb platform 
by DNA recombinant technology to form fusion 
proteins (Strohl 2015; Pechtner et al. 2017). Even 
though ADCs and fusion proteins possess the Fc 
domain and thus capable to utilize FcRn- 
mediated recycling, some of these therapeutics 
exhibit much shorter half-life than expected. For 
example, Fc fusion drugs, abatacept, aflibercept, 
and etanercept, have elimination half-lives of 
5–6  days, even though they are not cleared via 
renal filtration due to their molecular weights 
being greater than 70  kDa. Similarly, the cur-
rently marketed ADC drugs exhibit elimination 
half-lives of 1.3–6  days. These short half-lives 
indicate that the conjugated molecules or fused 
proteins may interfere with the Fc-FcRn interac-
tion, therefore inhibiting FcRn mediated recy-
cling pathway.

6.4.5  Impact of pI on FcRn- 
Dependent and FcRn- 
Independent Elimination

The molecular charge or pI of therapeutic IgGs 
also plays a significant role in their elimination. 
Firstly, the molecular charge is essential to the 
electrostatic interaction between IgG and FcRn 
and hence the FcRn-mediated elimination. FcRn- 
IgG interaction is strictly pH-dependent. 
Possessing a pI of 7–9, IgG binds FcRn in slightly 
acidic pH, but not in neutral pH, via electrostatic 
interaction between titratable histidine residues in 
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CH2-CH3 domains with acidic residues on the 
α2-domain of FcRn (Lencer and Blumberg 2005; 
Dall’Acqua et  al. 2006; Qiu et  al. 2016). This 
dependence upon physiological conditions under-
lies the IgG preservation mechanism that governs 
the release of IgG from FcRn-bound form within 
acidic lysosomes back to the systemic circulation 
(Ghetie and Ward 2000). Mutational analyses 
have mapped the IgG-FcRn binding sites. The 
pH-dependent electrostatic interaction of IgG is 
mainly contributed by histidine310 and histi-
dine435, while isoleucine253 is required for the 
hydrophobic interaction with FcRn (Sockolosky 
and Szoka 2015; Martin et al. 2001).

Secondly, multiple studies have demonstrated 
that the pI of IgG therapeutics impacts their 
FcRn-independent elimination. For instance, 
within an animal study, lowering the pI of vari-
able domain of an antibody significantly reduced 
the its clearance without affecting its binding 
affinity with FcRn (Igawa et al. 2010). Another 
mutational analysis targeting anti-hepatitis C 
antibody suggested that adding negative charges 
to the variable domains of antibodies with high pI 
increases their clearance, independent of FcRn 
binding (Li et  al. 2014). These results suggest 
that the elimination reduction, by lowering pI, is 
due to the decrease in fluid phase pinocytosis, 
because the negative charge on the antibody 
inhibits its binding to cells. Alternatively, adding 
positive charges on the high pI antibody at the 
lower pH of lysosomes could cause a faster rate 
of degradation of the antibody when internalized 
via pinocytosis (Igawa et al. 2010; Li et al. 2014).

6.4.6  Target Mediated Drug 
Disposition (TMDD)

TMDD causes the non-linear clearance (Mager 
2006; Keizer et al. 2010; Dostalek et al. 2013). If 
subject to TMDD upon binding to targets on cell 
surface, the therapeutic proteins are internalized 
into the cells and subsequently degraded in lyso-
somes (Mellman and Plutner 1984; Press et  al. 
1988; Coffey et al. 2004; Lammerts et al. 2006; 
Keizer et al. 2010). Therefore, the structural char-
acteristics that impact the interaction between 

therapeutic proteins and their pharmacological 
targets will inevitably influence their TMDD 
mediated elimination. For antibodies, the relevant 
structural characteristics include the molecular 
chargewhich involves the electrostatic interaction, 
and proper glycosylation required for antigen or 
target recognition. During drug development for a 
product with a given mechanism of action, the 
principle of primary structure design is to provide 
proper higher-order structural properties such as 
hydrophobicity, molecular charge and correct gly-
cosylation, in order to facilitate the interaction 
between the drug product and its target.

6.4.7  Glycosylation

Glycosylation on the Fc domain of antibodies 
may impact their clearance. Although human- 
like native glycosylation may not account for the 
long half-life of IgG, the absence of influence is 
only relevant when the glycosylation is buried 
(Liu 2015; Bumbaca et  al. 2012; Higel et  al. 
2016). In certain situations, attached terminal 
carbohydrate moieties are exposed and available 
to bind glycan receptors, causing faster clearance 
through the glycan receptor mediated elimination 
pathway (Winkelhake and Nicolson 1976; Wright 
et al. 2000). Glycan receptors that are involved in 
the elimination of glycoproteins include mannose 
receptor (ManR) and asialoglycoprotein receptor 
(ASGPR), both of which are specific to certain 
glycan types. It has been demonstrated that high- 
mannose containing IgG or Fc-fusion proteins 
are cleared faster than those with other glycosyl-
ation patterns (Liu 2015; Wright and Morrison 
1994; Kanda et al. 2007; Liu et al. 2011; Yu et al. 
2012). Similarly, antibodies carrying the terminal 
N-acetylglucosamine (GlcNAc) or galactose also 
exhibit fast clearance facilitated by ASGPR that 
recognizes GlcNAc (Winkelhake and Nicolson 
1976; Beck and Reichert 2011; Stefanich et  al. 
2008). The other type of glycan, sialic acid 
(NANA), on the other hand, is critical to reduce 
the clearance of antibodies or Fc-fusion proteins, 
because NANA is able to cap the galactose and to 
block the recognition by ASGPR (Schwartz 
1991; Liu 2015).
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6.5  Immunogenicity and Anti- 
drug Antibodies (ADA)

Immunogenicity, an unwanted immune response 
to therapeutic proteins, involves the generation 
of anti-drug antibodies (ADA) that compromise 
drug efficacy and raise safety concerns. Factors 
influencing the immunogenicity of biologics can 
be classified into disease-, patient-, or product- 
related. For example, the dose, route, frequency 
and duration of administration are important for 
the immunogenicity response and ADAs. ADA 
induction can affect PK profiles of therapeutic 
proteins via influencing their elimination (Lobo 
et al. 2004). Besides of the inherent characteris-
tics (e.g., pI and glycosylation) of therapeutic 
proteins, ADA-binding represents a factor that 
influences the product interactions with biologi-
cal components such as Fc receptors (Davies 
et al. 1993; Strohmeier et al. 1995). The effect of 
ADA-binding on elimination may depend on the 
number of antigenic sites available on a given 
therapeutic protein. If there are one or two bind-
ing sites found on a therapeutic protein, ADA 
can contribute to the increase in its half-life. If 
there are more than two binding sites, on the 
other hand, the ADA-binding may result in faster 
clearance of the product (Rehlaender and Cho 
1998; Lobo et al. 2004). In addition, the degree 
of aggregation of manufactured therapeutic pro-
teins also influences the induction of ADA 
(Ratanji et al. 2014).

6.6  Characterizing 
Physicochemical Properties 
Affecting ADME 
of Therapeutic Proteins

6.6.1  Structure

The primary structure of a therapeutic protein 
represents its amino acid sequence. The higher- 
order structure of therapeutic proteins means its 
three-dimension tertiary structure, which is 

affected by its primary structure. Moreover, 
higher-order structure also covers protein quater-
nary structure such as dimerization. Protein fold-
ing is the process in which a protein forms 
three-dimension structure from the primary 
structure. Protein stability means the ability of a 
protein to maintain its three-dimension structure.

Circular Dichroism (CD) is used extensively 
to evaluate protein structure. Even though CD 
does not provide 3-D structure information, it can 
monitor the extent and rate of structural variation 
and ligand binding. In pharmaceutical industry, 
CD is also used to assess the stability of the 
designed proteins (Kelly and Price 2000). 
Differential Scanning Calorimetry (DSC) and 
Differential Scanning Fluorimetry (DSF) are two 
fundamentals tools for assessing thermal stability 
of proteins that have been widely applied by the 
pharmaceutical industry. These two similar meth-
ods semi-quantitatively measure stability via 
determination of melting temperatures of pro-
teins (Johnson 2013; Bernhards et al. 2009).

6.6.2  Size and Self-Association

The molecular size of a therapeutic protein, 
directly correlated with its molecular weight, rep-
resents its geometric dimension. Dynamic light 
scattering (DLS) analyses are routinely used in 
detection of protein aggregation, the size of pro-
teins and complexes or to monitor the binding of 
ligands. Due to the limitation of currently protein 
manufacturing technologies, DLS has been used 
quite often to assess the quality of manufactured 
therapeutic proteins (Lorber et  al. 2012). 
Analytical gel-filtration is a chromatography- 
based method to assess the hydrodynamic size of 
therapeutic proteins.

The dimerization of therapeutic proteins can 
be quantitatively measured with Förster reso-
nance energy transfer (FRET) (Jing et al. 2010). 
This method can be extensively used for insulin 
drugs which have multiple analogs with different 
dimerization states.
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6.6.3  Molecular Charge

The molecular charge of a therapeutic protein rep-
resents its net surface charge, commonly indicated 
by its isoelectric point. The simplest way to esti-
mate the charge of a protein is to calculate pI from 
its amino acid sequence. However, this calculation 
may be inaccurate since it does not consider the 
folding of the target protein. Capillary isoelectric 
focusing (cIEF) is a high-resolution method that is 
widely applied to experimentally assess protein 
charge in pharmaceutical industry, especially for 
characterization of mAb drugs (Righetti 2004; 
Pergande and Cologna 2017).

6.6.4  Protein-Protein Interaction

Protein interactions are crucial to both therapeu-
tic capabilities and PK of therapeutic proteins. 
Commonly used biophysical technique to charac-
terize protein-protein interactions include Surface 
Plasmon Resonance (SPR) (Fabini and Danielson 
2017), Isothermal Titration Calorimetry (ITC) 

(Pierce et  al. 1999), Förster resonance energy 
transfer (FRET), and DLS (Hanlon et al. 2010).

6.7  Conclusions

In biological system, proteins are the major mol-
ecules responsible of executing biological func-
tions because they possess advanced structures 
and biophysics. This concept underlies not only 
the therapeutic power of proteins in clinical ther-
apy, but also more sophisticated correlation 
between their molecular characteristics and phar-
macokinetic behaviors and clinical success.

This chapter describes structural characteris-
tics and factors that impact either directly or indi-
rectly the ADME properties of therapeutic 
proteins (Fig.  6.5). The molecular size of pro-
teins, reflecting the combination of molecular 
weight and shape, determines not only their 
absorption route but also the elimination path-
ways. The molecular charge of therapeutic pro-
teins, affecting their interactions with a wide 
range of biological components such as ECM 
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Fig. 6.5 Relationship between protein characteristics 
and their impact on ADME.  A solid arrow line repre-
sents a direct influence of a protein characteristic or a 
mechanism on ADME. A dashed arrow line represents 
the influence of one protein characteristic to another or 

to a mechanism. The oval circles represent physiochem-
ical features of therapeutic proteins. The two polygons 
represent mechanisms that correlate with physiochemi-
cal features and ADME properties of therapeutic 
proteins

6 Key Physicochemical Characteristics Influencing ADME Properties of Therapeutic Proteins



126

framework, kidney, Fc receptors and pharmaco-
logical targets, has a significant impact on every 
step of ADME. The post-translational modifica-
tion of therapeutic proteins is critical for their 
biological activities and, more importantly, affect 
a multitude of their structural characteristics such 
as molecular size, molecular charge, stability and 
protein-receptor interactions. Further advances in 
protein engineering technologies and develop-
ment of more sophisticated bioanalytical tools 
will facilitate the understanding of the relation-
ship between structure and ADME and promote 
successful development of novel therapeutic 
proteins.
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Abstract
Enzymes are biocatalysts that have found pro-
found applications in the current biotherapeu-
tic industry and play a crucial role in diagnosis, 
prevention, and biochemical analysis of major 
diseases. However, stability, protein degrada-
tion and immunogenicity in the body present 
unique challenges that are faced upon sus-
tained use of such enzymes. The present chap-
ter is an attempt to dissect the state-of-the-art 
in relation to the challenges of development of 
therapeutic enzymes and the recent advances 
to address them. At the very outset, diseases 
where enzymes have found effective applica-
tions and the various causes of enzyme insta-
bility have been discussed. In recent times, 
polymer or nano- conjugated resistant deliv-
ery methods, as well as mutagenesis have led 
to manifold increase in enzyme stability 
against thermal denaturation, acidic gut envi-
ronment, proteolysis and immunogenicity. 
Further, methods of analytical characteriza-
tion of proteins have been highlighted and 
explored to shape future research directions.
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GALK1 Galactokinase 1
EC Enzyme Commission
ATP Adenosine Triphosphate
ABD Albumin-Binding Domain
PVP Poly(N-vinylpyrrolidone)
LbL Layer-by-layer
MNP Magnetic Nanoparticles
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IEF Isoelectric Focusing
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DIGE Difference Gel Electrophoresis
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Scattering
UVRR Ultraviolet Resonance Raman
ROA Raman Optical Activity
ANS 8-Anilinonaphthalene-1-sulfonic acid
ThT Thioflavin-T
TEM Transmission Electron Microscopy
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7.1  Introduction

Proteins and peptides currently constitute a 
major share of therapeutics against several dis-
eases. More than 239 proteins have been 
approved by US-FDA to be used as therapeutics 
while numerous others are undergoing clinical 
trials (Usmani et al. 2017). Recent developments 
in pharmaceutical biotechnology have increased 
the diversity of protein based therapeutics to 

include antibody- drug conjugates, vaccines, 
enzymes, cytokines, interferons and other 
recombinant protein medicines. Enzymes are a 
class of proteins which possess great potential as 
effective therapeutic drugs because of their spec-
ificity, high activity, and selectivity. However, 
due to their complex structures, they are prone to 
inactivation and unfolding. Therapeutic enzymes 
have found remarkable applications in rare dis-
orders such as lysosomal storage diseases and 
severe combined immunodeficiency. Genetically 
engineered enzymes have been developed as 
successful drugs for chronic ailments such as 
cardiovascular diseases. Some crucial enzymes 
also find applications as diagnostics and markers 
for chronic disorders. The major differentiation 
of therapeutic enzymes based on their areas of 
application are discussed here and in Fig. 7.1.

7.1.1  Cancer

Treatment for cancer forms the most important of 
applications for therapeutic enzymes. 
L-Asparaginases, sourced from E.coli or Erwinia 
chrysanthemi, find wide applications in the ther-
apy of acute myeloid leukemia (AML), acute 
lymphoblastic leukemia (ALL), and non- 
Hodgkin’s lymphoma (Duval et  al. 2002; Egler 
et al. 2016). It is also used in food manufacturing 
to decrease acrylamide content (Gökmen 2015). 
As a chemotherapeutic agent, asparaginase can be 
administered as an intramuscular, subcutaneous, 
or intravenous injection. Treatment by 
L-asparaginase leads to rapid depletion of aspara-
gine in the cellular environment. Normal cells are 
able to synthesize asparagine while metabolic 
defect in asparagine synthesis inhibits malignant 
cells to do so. ALL patients may be hypersensitive 
to the native, unmodified L-asparaginase. Hence, 
PEGylated form of L-asparaginase has been 
recently approved for frontline use by 
FDA.  Diptheria toxin (produced by 
Corynebacterium diphtheria) is another oncolytic 
enzyme still in experimental stages. This enzyme 
catalyzes transfer of the adenosine diphosphate 
ribose (ADP-ribose) moiety of nicotinamide ade-
nine dinucleotide (NAD) to elongation factor 2, 
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thus halting protein synthesis. The protein synthe-
sis machinery in malignant cells is more sensitive 
to this toxin as compared to normal cells, thus 
making it an effective anti-cancer drug. Denileukin 
diftitox (Ontak) is an antineoplatic agent compris-
ing of engineered protein containing Diphtheria 
toxin and Interleukin-2 (Lansigan et  al. 2010; 
Kaminetzky and Hymes 2008). Several other tar-
geted toxins have undergone clinical trials in 
brain tumour models (Li et al. 2013).

Neuraminidase is an emerging target in siali-
dase mediated tumorigenesis regulation. This 
enzyme removes sialic acid residues from the 
surface of cancerous cells which alters their 
immunogenicity, and makes them sensitive to 
immune response (Haxho et  al. 2016). 
Ribonucleases (Leland and Raines 2001; 
Shlyakhovenko 2016) and diverse group of pro-
teolytic enzymes (Chabot et al. 2010) have also 
been explored as anti-neoplastic agents.

7.1.2  Inherited Metabolic Disorders

These diseases are recognized by an inherited 
metabolic deficiency to produce enzymes. 
Enzyme Replacement Therapy (ERT) is among 

the most effective and widely used treatments for 
such disorders. The most common of these defi-
ciencies is that of the enzyme glucose-6- phosphate 
dehydrogenase which makes red blood cells more 
vulnerable to breaking down, and hemolytic ane-
mia can occur. This is most frequently seen in 
African, Asian, Mediterranean or Middle-Eastern 
populations. The treatment is mostly symptomtic. 
Gaucher’s disease is another autosomal recessive 
inherited deficiency of the enzyme glucocerebro-
sidase, resulting in the accumulation of a type of 
lipid called glucocerebrosides in the internal 
organs such as liver, spleen, bone marrow and the 
brain. Enzyme replacement therapy, with a modi-
fied form of the enzyme (intravenous infusion 
every 2  weeks) may help to reduce the skeletal 
anomalies and abnormal blood counts associated 
with certain types of this disorder (Kasturi and 
Amin Alpa 2001). The Hunter syndrome, charac-
terized by stunted growth, coarse facial features, 
impaired intelligence, hearing loss, joint stiffness 
and thickening of heart valves, occurs in young 
males due to the deficiency of the enzyme 
iduronate- 2- sulfatase that helps breakdown gly-
cosaminoglycans (GAG). Idursulfase (Elaprase) 
(Muenzer et al. 2006; Da Silva et al. 2011) and 
idursulfase- beta (Hunterase) (Ngu et al. 2017) are 

Fig. 7.1 Applications of therapeutic enzymes
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the currently approved enzymes for ERT. However, 
the current preparations cannot cross the blood-
brain barrier, thus making it unable to address 
intellectual impairment associated with Hunter’s. 
Cystic fibrosis is another inherited autosomal 
recessive disorder which affects mostly the lungs, 
but also other organs such as liver, pancreas, intes-
tine and kidneys. Symptoms include frequent 
lung infections, poor growth and infertility in 
most males. ERT using DNAse and lipase (pan-
creatic enzyme replacement therapy) has been 
successful in managing cystic fibrosis (Calvo-
Lerma et al. 2017; Shak et al. 1990).

A major class of enzyme deficiency disorders 
is the Lysosomal Storage Diseases, including 
Fabry disease, Pompe disease, Maroteaux-Lamy 
Syndrome, Morquio A syndrome, and LAL 
Deficiency. Fabry disease is an X-linked lyso-
somal storage disorder caused by deficiency of 
the enzyme alpha-galactosidase A, which leads to 
the accumulation of globotriaosylceramide in 
skin, heart, kidney, eye, brain, and other organs. 
Patients are at an increased risk of kidney failure, 
heart attack, and stroke. Currently, the only treat-
ment available is agalsidase alfa (marketed as 
Fabrazyme) which needs to be infused every 
2  weeks (Alegra et  al. 2012). Pompe disease 
occurs due to the genetic deficiency of the lyso-
somal acid α-glucosidase, leading to the accumu-
lation of glycogen in cardiac, skeletal and smooth 
muscle, which results in debilitating muscle 
weakness. Recombinant human acid α-glucosidase 
has been used in infantile Pompe disease patients 
with good glycogen clearance in post treatment 
period (Thurberg et  al. 2006; Angelini and 
Semplicini 2012). Maroteaux–Lamy syndrome, 
also known as mucopolysaccharidosis type VI, is 
caused by a deficiency in arylsulfatase B, causing 
neurological complications and dwarfism, while 
skeletal changes limit movement. A study of ERT 
with recombinant human arylsulfatase B, in two 
patients, improved their walking capability (But 
et al. 2011). A similar autosomal recessive disor-
der is Morquio syndrome (referred to as muco-
polysaccharidosis IV, MPS IV). The two forms of 
the disease are distinguished by the deficiency of 
different gene products. A involves malfunction in 
galactosamine-6 sulfatase, while B involves a 

malfunction of the beta- galactosidase. ERT of 
MPS IV has been achieved by elosulfase alfa 
(Vimizim) (Lyseng-Williamson 2014). Lysosomal 
acid lipase (LAL) deficiency is another rare auto-
somal recessive lysosomal storage disease where 
the body does not produce enough active lyso-
somal acid lipase (LAL or LIPA) enzyme due to 
malfunctioning of the cholesterol metabolism. 
The lack of the LAL enzyme can lead to a build-
up of fatty material in a number of body organs 
including the spleen, liver, and in the wall of 
blood vessels. Sebelipase alfa (Kanuma) is a 
recombinant human LAL protein which has been 
successfully used in long-term therapy in LAL 
affected individuals (Su et al. 2016).

ERT has been used successfully in the treat-
ment of life-threating diseases such as severe com-
bined immunodeficiency (SCID) for more than 
20  years. Patients suffering from SCID have an 
impaired immune system, making them extremely 
vulnerable to infectious diseases. The second most 
common form of SCID arises from the deficiency 
of the enzyme Adenosine deaminase, which 
results in inhibition of lymphocyte proliferation. 
ERT with polyethyleneglycol- coupled adenosine 
deaminase metabolizes the toxic substrates of the 
ADA enzyme and prevents their accumulation 
(Chan et  al. 2005; Hershfield et  al. 1993). This 
restore T-cell functions for short term before the 
patient can undergo bone-marrow transplant.

7.1.3  Fibrinolytic and Anticoagulant 
Enzymes

Blood clots in arteries are hallmark of heart 
attacks and demand immediate removal of the 
clots to revive the patient. Clot formation is medi-
ated by aggregation of platelets and formation of 
fibrin. In recent times, the thrombolytic enzymes 
such as Streptokinase (a protease derived from 
Streptococcus) along with Tissue Plasminogen 
Activator, Urokinase, Retavase, Tenectaplase 
have been used as “clot busters” to dissolve clots 
in the walls of the arteries. They involve the con-
version of plasminogen into plasmin which 
finally degrades the fibrin and hence dissolving 
the clot (Sikri and Bardia 2007).
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Anticoagulant enzymes are commonly used 
as blood thinning agents, prolonging the clotting 
time. Antiplatelets are closely related drugs 
which inhibit the aggregation of platelets, hence 
preventing the formation of clots. These enzymes 
are useful in the therapy of thrombotic disorders. 
PPFE-1 is an anticoagulant enzyme isolated 
from the bacterium Paenibacillus polymyxa (Lu 
et al. 2010). Similar enzymes such as phospholi-
pase A2 have been screened from snake venoms 
(Kini 2005). Antithrombic peptides such as anti-
thrombin, heparin and heparin mimics are con-
sidered as new classes of anticoagulants (Desai 
2004).

7.1.4  Infectious Diseases

With increasing challenges of antibiotic resis-
tance in microbes, the search is on for new drug 
targets and antibacterial/antiviral agents. 
Lysozyme (Griswold et  al. 2014; Vereshchagin 
et al. 1985) and lysoamidase (Tishchenko et al. 
2016) cause bacterial cell hydrolysis and thus are 
used in antibiotic therapy. Ribonuclease is used 
as an antiviral agent due to the fact that it causes 
hydrolysis of RNA (Ilinskaya and Mahmud 2014; 
Shah Mahmud et  al. 2017). Enzymes such as 
trypsin, chymotrypsin and bromelain have been 
found effective against inflammatory responses, 
probably due to their ability to degrade protein- 
based inflammatory mediators (Jayachandran 
and Khobre 2017; Ghaffarinia et al. 2014). As a 
preventive measure, subtilisin has been found to 
degrade prion proteins in soil, thus reducing their 
transmission via soil or other environmental sur-
faces (Saunders et  al. 2011). Fungal cell-wall 
lytic enzymes such as chitinases, glucanases, and 
proteases produced by actinomycetes and bacte-
ria are found to be effective antifungal drugs 
(Choudhary et al. 2014)

Enzymes can also be potential drug targets. 
Deubiquitinating enzymes (DUBs) remove ubiq-
uitin and ubiquitin-like modifications from pro-
teins and they have been known to contribute to 
immune response pathways in microbial infec-
tions. Therapeutic inhibitors of DUBs have been 
designed, that can be used to limit the spread of 

infection (Nanduri et  al. 2013). Various other 
enzymes such as DNA topoisomerases (Bakshi 
and Shapiro 2003), cysteine proteases, disulfide 
oxidoreductases, glutathione reductases and thio-
redoxin reductases have also been targeted 
against parasitic infections (Chibale 2002).

7.1.5  Burn Debridement

The removal of scar tissue in burn patients is of 
utmost importance for speedy recovery. 
Enzymatic debridement involves the controlled 
digestion and removal of necrotic tissues from a 
wound or a burn using exogenous proteolytic 
enzymes such as papain along with denaturing 
agents such as urea. This technique is considered 
advantageous than surgical debridement owing to 
non-selectivity and removal of surrounding 
healthy tissues (Langer et  al. 2013). Extensive 
studies have proven the high efficacy of Debridase 
(obtained from crude Bromelain) in scar debride-
ment in burn injuries (Rosenberg et  al. 2004). 
However, side effects such as fever, pain and itch-
ing should also be considered for such applica-
tions. Additionally, trypsin from mammalian 
pancreas (which hydrolyses peptide bonds 
involving arg and lys) and collagenase sourced 
from Clostridium and culture extracts from ani-
mal cells are also used for debridement of 
necrotic tissues in wounds.

7.1.6  Digestive Aids

Most digestive enzymes are depolymerases 
which aid in the breakdown of complex pro-
teins, polysaccharides and lipids. Such enzy-
matic preparations may consist of a single or 
multiple enzymes. Microbial α-amylases which 
hydrolyse α 1-4 glycosidic bonds are orally 
administered to aid in digestion and better 
absorption by the body. Lactase is another such 
enzyme which is widely used in patients having 
reduced inherent lactase activity and consequent 
lactose intolerance. Cellulase and xylanase are 
effective in digesting fruit and plant fibers. 
Other proteolytic enzymes such as papain or 
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pepsin are also used to enable efficient protein 
digestion. They can be used as a supplement to 
alleviate autoimmune and inflammatory condi-
tions and pain. Patients suffering from chronic 
pancreatitis, pancreatic carcinomas and cystic 
fibrosis are found to be deficient in pancreatic 
enzymes and can be successfully treated with 
pancreatin, a preparation extracted from pan-
creas containing various enzymes. Most of these 
enzymes are orally administered and are prone 
to gastric inactivation. Co-administration of 
inhibitors of gastric acid secretion, and enteric 
coated tablet or capsules help to overcome such 
inactivation problems.

Functions and applications of some key thera-
peutic enzymes are discussed in Table 7.1.

7.2  Why Are Administered 
Enzymes Unstable 
in the Body?

A major problem encountered with therapeutic 
enzymes is their instability and low circulation 
life in the human body. The therapeutic enzymes 
are generally administered to the patients via 
oral, subcutaneous, intramuscular or intravenous 
routes. Sourced mainly from bacterial sources, 
the temperature, pH and salinity of the adminis-
tration route and destination site are often not 
optimal for the enzyme activity, while harsh envi-
ronments can lead to protein denaturation. 
Presence of proteolytic enzymes and rejection by 
the immune system are among important factors 
affecting the stability of therapeutic enzymes, 

Table 7.1 Some important therapeutic enzymes, their functions and applications

Enzyme Disease Function References
L-glutaminase Acute lymphoblastic 

leukemia
Blocking glutamine uptake, cell 
death due to starvation

Sarada (2013)

L-asparaginase Acute lymphoblastic 
leukemia

Depletion of nutrient asparagine 
leads to tumor apoptosis

Goodsell (2005)

Serratiopeptidase Inflammation and 
inflammatory disorder

Regulates recruitment of 
lymphocytes at the site of 
inflammation

Mouneshkumar 
Chappi et al. (2015)

Caspase Cancer Regulates death of cancerous cell 
via apoptosis

Perchellet et al. 
(2004)

Lipase Cardiovascular diseases Lowers the level of triglycerides Alpers (2008)
Alginate lyase Cystic fibrosis Prevent mucoid formation and 

enhances antibiotic efficacy
Lamppa and 
Griswold (2013)

Chondroitinase Acute spinal cord injury Digests extracellular chondroitin 
sulphate proteoglycans, enhance 
axonal regeneration

Wang et al. (2011)

Superoxide dismutase Oxidative stress and 
inflammation

Diminishes oxidative stress and 
prevent inflammation

Ishihara et al. 
(2009)

Penicillin acylase β-lactam resistance Production of 6-aminopenicillanic 
acid as β-lactam antibiotics

Illanes and Valencia 
(2017)

Laccase Chronic lymphocytic 
leukemia

Possess cytotoxic activity against 
leukemia

Matuszewska et al. 
(2016)

Tissue plasminogen 
Activator (tPa)

Hepatic metastasis Inhibits the growth of cancerous 
cells

Hayashi et al. 
(1999)

L-arabinofuranosidase Adenocarcinoma Inhibits DNA synthesis, cytotoxic 
to tumor cells

Sabu (2003)

Laronidase Mucopolysaccharidosis I 
(genetic disorder)

Provide alternative function for 
IDUA enzyme

Liao et al. (2018)

Collagenase Pyronie’s disease Treats skin ulcer and connective 
tissue disorders

Cocci et al. (2018)

Streptokinase Coagulation and 
thrombosis

Activates plasminogen Reed et al. (1998)
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some of which are discussed below. These 
 instability may lead to degradation via various 
processes like aggregation, denaturation, hydro-
lysis and oxidation of the enzymes.

7.2.1  Oral Administration

Oral administration of exogenous enzymes are 
currently undertaken for diseases such as exo-
crine pancreatic insufficiency, phenylketonuria 
and celiac disease. The aim of oral enzyme 
therapy is either to breakdown harmful sub-
stances or to supplement inherent digestive 
enzyme deficiencies (Fuhrmann and Leroux 
2014). Most of the enzymes administered 
through the oral route face the potential possi-
bility of degradation and inactivation owing to 
the harsh conditions in the gastrointestinal tract 
(GI). The difficulty arises due to the fact that 
the primary function of the GI tract is to enable 
protein digestion. The digestive system in 
mammals is divided into the stomach, small 
intestine (duodenum, jejunum, and ileum), and 
large intestine (cecum, colon, rectum, and anal 
canal). The primary obstacle is faced by oral 
enzymes in the stomach. Protein digestion 
begins in the stomach with the action of pepti-
dases at a low acidic pH (1–2.5) (Cook et  al. 
2012; Fuhrmann and Leroux 2011). In this step, 
aided by protein unfolding, hydrolysis of pep-
tide bonds at hydrophobic residues such as phe-
nylalanine and leucine takes place (Hamuro 
et  al. 2008). After the stomach, the ingested 
proteins enter the intestine, where they encoun-
ter neutral pH (Cook et  al. 2012). However, 
they are still prone to the action of endopepti-
dases such as trypsin and chymotrypsin that 
preferentially cleave peptide bonds involving 
arginine, lysine and aromatic amino acids, 
respectively (Fuhrmann and Leroux 2011). 
Additional denaturation may occur due to the 
action of intestinal bile salts (Cook et al. 2012). 
The major strategies to improve stability of oral 
enzymes thus involves shielding the protein 
from the acidic environment of the GI tract.

7.2.2  Immunogenicity of Enzyme 
Drugs

In the context of therapeutic enzymes, immuno-
genicity refers to the immune response of the 
host against the enzyme which presents itself as 
an antigen. This leads to the activation of both 
cellular (T cell) and humoral (antibody) arms of 
the immune response. Antibodies directed 
against therapeutic enzymes may consist of IgM, 
IgG, IgE, and/or IgA isotypes. These antidrug 
antibodies (ADA) are of two types- (a) Binding 
Antibodies (BAbs), all isotypes of which are 
capable of binding to the therapeutic product, 
and (b) Neutralizing antibodies, which are a sub-
population of the total BAbs (Scagnolari et  al. 
2002). They inhibit functional activity of the 
therapeutic protein and are generally directed 
against the biologically active site of the drug. 
These antibodies are detected through immuno-
assays, cell-based bioassays or complementary 
ligand binding assays. In the treatment of many 
lysosomal storage diseases such as MPS and 
Pompe disease, ERT often results in the develop-
ment of antibodies against the enzyme drug 
leading to a reduction in its efficacy (Harmatz 
2015). In Gaucher’s disease, it was found that 
12.8% of patients develop antibody to glucocer-
ebrosidase, while 90% of patients tolerize over 
time (Rosenberg et  al. 1999). Many a time, 
cheaper, impure enzyme preparations with lack-
ing relevant clinical studies, can lead to high 
immunogenicity. Higher anti-asparaginase anti-
bodies titres was obtained for the biosimilar in 
comparison to the well-known Medac l-aspara-
ginase in one study (Zenatti et  al. 2018). 
Glycosylated proteins are common candidates 
for immunogenicity. Therapeutics containing 
non-human sugars produce specific antibodies 
against them. For example, taliglucerase alfa 
used in Gaucher’s disease, produced in planta, 
elicitated a 13.5% response in healthy humans 
and 5% in glucocerebrosidase- deficient Gaucher 
disease (GD) patients (Zenatti et al. 2018). It is 
possible to predict the immunogenicity based on 
the following factors-
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• Product derivation- Foreign, Self or Fusion
• Product specific attributes- Molecular struc-

ture, Purity, Formulation, Mechanism of 
action

• Patient specific factors- Population, Genetics, 
Age, Gender, Pre-existing antibodies

• Trial design attributes- Route of delivery, 
Dosage and frequency of administration, 
Immunomodulatory properties of the drug, 
Stage of product development

7.2.3  Temperature and Salt 
Concentration

Another factor that can influence the stability of 
therapeutic proteins is temperature. Mostly, 
extracted enzymes and other therapeutic proteins 
are stored at 4 °C for extended periods of time to 
retain their activity and structural integrity 
(Akash et al. 2015). Storage at room temperature 
degrades most therapeutic enzymes, which can 
be a problem for transport and storage in places 
where cooling devices are unavailable. During 
delivery, the human body temperature of 37 °C 
might not be optimal for the enzymes, and result 
in lower activity. Particular temperature sensitive 
enzymes may even undergo denaturation at this 
temperature. Additionally, diagnostic enzymes 
such as glucose oxidase, cholesterol oxidase need 
to work at room temperature (Yoo and Lee 2010; 
Pundir et  al. 2012). Thus, current research on 
therapeutic enzymes has been increasingly focus-
ing on temperature stable preparations. Protein 
aggregation is also influenced by salt concentra-
tions of the plasma and extracellular fluids.

7.2.4  Protein Degradation

Therapeutic enzymes can lose their activity as a 
result of proteolysis, aggregation, and suboptimal 
conditions in cell compartments and extracellular 
fluids. Other routes of chemical degradation 
include oxidation, isomerization, deamidation, 
disulfide modifications, chemical cross-linking 
and fragmentation. Oxidation accounts for one of 
the major mechanisms of degradation under 

stress conditions as the amino acids Cys, Met, 
Trp, and His are all predisposed to oxidation 
(Schöneich 2000; Luo et al. 2011). These reac-
tions can be triggered by light, presence of 
Reactive Oxygen Species, peroxide, or by the 
presence of oxygen during the manufacturing 
and storing process. The amino acid Asparagine 
is particularly susceptible to deamidation, and 
this can result in structural and functional modifi-
cations of proteins, owing to the introduction of 
negative charge (Kosky et al. 1999). Aggregates 
are mostly a result of chemical modifications 
inside the protein (Luo et al. 2011).

Proteolysis of therapeutic enzymes is a major 
drawback limiting their applications. Proteases 
are ubiquitous enzymes, present in almost all cells 
and tissues participating in digestion, post- 
translational processing, subcellular localization, 
fibrinolysis and hemostasis (Neurath 1984). The 
specific amino acid motifs in the peptide back-
bone render the therapeutic enzymes prone to 
degradation by proteases present in serum or 
plasma when delivered through injection routes. 
In blood coagulation, mostly serine proteases 
such as thrombin cleave sites C-terminal to lysine 
or arginine residues in P1 position of certain 
sequence motifs (Karstad et al. 2012). These pro-
teases are also capable of degrading therapeutic 
proteins that contain residues important for cell 
entry or binding to the target via ionic interactions 
(Krizsan et al. 2014; Knappe et al. 2016). Through 
oral routes, digestive enzymes such as trypsin and 
chymotrypsin, and other non-specific proteases 
degrade proteins into peptides. Current efforts tar-
get removal or modification of amino acid motifs 
which can be cleaved by the proteases at the des-
tination site or route of delivery of the enzyme.

7.2.5  Metabolism and Elimination

Hepatic first-pass metabolism and rapid elimina-
tion are a major problem in case of oral adminis-
tration of therapeutic enzymes. This leads to 
reduced bioavailability and short biological half- 
life in circulation. Invasive delivery or use of 
encapsulation/polymer conjugation can help 
overcome this problem (Akash et al. 2015).
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7.3  Chemical Basis of Stability

The molecular basis of denaturation of proteins is 
the disruption of secondary and tertiary structure. 
The calculation of the free energies of various 
determinants gives an idea of their contribution, 
and would be helpful in developing approaches 
for stable therapeutic preparations (Wong and 
Wong 1992). Of the various factors that contrib-
ute to a stable protein structure, hydrophobicity 
of amino acids is the most prominent. 
Hydrophobic amino acids are generally buried 
inside a protein, away from the surface, resulting 
in a tight packing. Solitary hydrophobic clusters 
may occur on the surface to facilitate interactions 
with lipids or other hydrophobic entities. 
Protecting the nonpolar groups from watery envi-
ronment reduces the unfavorable entropy of the 
system, increasing protein stability (Tanford 
1980). Other forces such as hydrogen bonding, 
van der Waals forces, salt bridges, and other elec-
trostatic interactions also contribute to protein 
stability. Hydrogen bonding plays a major role in 
the secondary structure of proteins, giving rise to 
α-helices, β-sheets, random coils and turns 
(McDonald and Thornton 1994; Baker and 
Hubbard 1984). The energy contribution of salt 
bridges towards protein stability is also substan-
tial (Hendsch and Tidor 1994). Significant contri-
butions are also made by dipole-dipole 
interactions, electrostatic forces, along with bind-
ing with co-factors, ligands and metal ions which 
together maintain the integrity of the proteins 
(Burley and Petsko 1988).

7.4  Increasing Enzyme Stability

As is evident from the above factors, it is impera-
tive to improve the stability of the enzymes during 
delivery and at the destination tissue. For attaining 
this target, it is essential to have a complete under-
standing of the type of protein, its structure-func-
tion relationships as well as requirement of 
formulation and delivery for their proper therapeu-
tic effect. The strategies employed for stabilization 
of therapeutic enzymes can be broadly divided into 
(1) functional modification and (2) formulation.

7.4.1  Functional Modification

In this approach, tools are employed to alter the 
functionality of the enzymes by introducing 
structural modifications at the molecular level.

7.4.1.1  Mutagenesis and Protein 
Engineering

A commonly used approach that is applied to 
increase the contribution of various forces to the 
free energy of stabilization is protein engineer-
ing. It involves site-specific mutagenesis and 
cloning. In case of digestion of proteins in the GI 
tract, the replacement of leucine and phenylala-
nine residues by analogues which are not recog-
nized by enzymes such as pepsin have been 
shown to increase their stability (Ehren et  al. 
2008). In another instance, Thermomyces lanugi-
nosus lipase has been suggested as potential 
enzyme replacement candidate for pancreatic 
insufficiency, wherein the mutant was reported to 
be more stable at acidic pH and showed increased 
refolding capacity compared to the native enzyme 
(Wang et al. 2013). Galactokinase (GALK1; EC 
2.7.1.6) is an enzyme which catalyses the ATP- 
dependent phosphorylation of galactose to form 
galactose-1-phosphate, as the first committed 
step of the Leloir pathway of galactose metabo-
lism. Mutations in the human galactokinase gene 
results in the inherited recessive metabolic disor-
der, Type-II galactosaemia, characterized by 
decreasing ability to metabolize galactose, result-
ing in the early onset of cataracts. In addition to 
removal of galactokinase from diet, emerging 
treatment modalities resort to Enzyme 
Replacement Therapy for some of the inherited 
disorders. However a frequent problem witnessed 
is the short half-lives of proteins in cells or 
plasma. Researchers have identified six sites in 
galactokinase which deviate from the consensus 
sequences and restoring the consensus by 
 combining all the six mutations increased the 
thermal stability of the enzyme without compro-
mising the activity (McAuley et al. 2018).

As discussed above, Streptokinase is widely 
used to remove clots as it converts plasminogen 
to plasmin. However, plasmin cleaves peptide 
bonds between Lys and Arg residues, thus 
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degrading Streptokinase, and requiring continu-
ous infusions every 30–90  min. To make 
Streptokinase less susceptible, Lys at 59 and 386 
were changed to Glu by site directed mutagene-
sis. The half-life of the mutants increased and 
the double mutant was 21-fold more resistant to 
proteolysis (Wu et al. 1998).

In another case, human variants of 
β-glucuronidase were identified, as a replace-
ment for α-iduronidase, which is defective in 
MPS type- I patients. This would help overcome 
immune response which develops while using 
exogenous enzymes. Six residues were identified 
as hot spots in the catalytic domain of 
β-glucuronidase and were mutated to variable 
amino acids to enrich the library diversity. The 
screening of human β-glucuronidase library iso-
lated variants which exhibited 100 to 290-fold 
greater activity against the α-iduronidase sub-
strate 4-methylumbelliferyl α-L-iduronide and 
7900 to 24,500-fold shift in enzymatic specificity 
as compared with the wild-type β-glucuronidase 
(Chuang et al. 2015).

7.4.1.2  Chemical Cross-Linking
Intra- and inter-molecular cross-linking is an 
important technique that is used to increase the 
proteolytic stability of enzymes and proteins, as 
they reinforce the active structure. Disulfide 
bonds are found to destabilize folded structures 
entropically, but stabilize them enthalpically to a 
greater extent, resulting in an overall stabilization 
of the protein molecule (Doig and Williams 
1991). Various bifunctional reagents such as car-
bodiimides, chloroformates, disuccinimidyl 
suberate, dimethyl malonimidate, N-succinimidyl 
3-maleimidopropionate and ethyl iodoacetimi-
date have been used to enhance enzymatic stabil-
ity. These chemicals react with nucleophilic side 
chains of amino acids, such as the sulfhydryl 
group of cysteine, the amino groups of lysine, the 
carboxyl groups of aspartic and glutamic acids, 
the imidazolyl group of histidine, and the thio-
ether group of methionine (Wong and Wong 
1992). Enzymes such as catalase (Shaked and 
Wolfe 1988), amyloglucosidase (Tatsumoto et al. 
1989) and α-chymotrypsin (Torchilin et al. 1978) 

have been stabilized using such agents. However, 
disulfide bridges are at risk of thiol-disulfide 
exchange or reduction during production, purifi-
cation, or therapeutic use. As an alternative, thio-
ether bridges are being explored for intermolecular 
cross-linking. Variants of the 46 aa albumin- 
binding domain (ABD) (which acts as a fusion 
partner for the human serum albumin), with sin-
gle or double intramolecular thioether bridges 
were designed and synthesized. One promising 
variant, ABD_CL1, showed high thermal stabil-
ity and dramatically increased stability in the 
presence of pepsin and trypsin/chymotrypsin, 
compared to the control protein (Lindgren and 
Eriksson Karlström 2014). The structural basis of 
cross-linking is derived from the fact that cross- 
linking reinforces active conformation. Intra- or 
intermolecular crosslinks reticulate the protein 
molecule to diminish the polypeptide entropy, 
which decreases the rate of denaturation. With 
the help of multiple cross-linked attachments, the 
molecule is held in its original active structure 
(Wong and Wong 1992).

7.4.2  Formulation

In this approach, instead of making structural 
modifications, the formulation of delivery of 
native therapeutic enzymes is altered.

7.4.2.1  Polymer Conjugation
Since the 1970s, the research in protein-polymer 
conjugation has been dominated by the versatile 
Poly(ethylene glycol). Owing to its biocompati-
bility and non-toxicity, PEGylation has been 
found to be one of the most successful techniques 
of improving the pharmacodynamics of injected 
proteins by increasing their circulating half-life 
and masking their immunogenicity (Harris and 
Chess 2003; Qi and Chilkoti 2015). Site-specific 
PEGylation in streptokinase was achieved by 
incorporation of cysteine at ‘optimal’ surface 
exposed sites within all the three domains in the 
enzyme, followed by PEGylation with 20  KDa 
PEG groups. The screened biologically active 
variants exhibited subdued immunoreactivity, 

S. Ghosh et al.



141

proteolytic stability and 2 to 20-fold increase in 
half-life (Sawhney et al. 2016). PEGylation has 
also been successfully used in case of the enzyme 
phenylalanine hydroxylase, used as an ERT for 
phenylketonuria, providing more activity and sta-
bility to the enzyme (Gámez et al. 2004).

Some limitations of PEG such as non- 
degradability has led to the search for newer 
conjugation materials. Non-PEG alternatives 
such as Poly(N-vinylpyrrolidone) (PVP), polyg-
lycerol, Poly(amino acid)-Based Hybrid 
Materials and recombinant polypeptides are 
finding increasing applications in protein conju-
gation (Qi and Chilkoti 2015). Many a time, 
gastro-resistant, cellulose acetate phthalate or 
methacrylate copolymers- coated tablets or mic-
roparticles are used to avoid digestion in the GI 
tract (Imrie et al. 2010). Microencapsulation is 
another technique which employs polymers for 
conjugation with enzymes. Catalytically active 
preparations of L-asparaginase, were made by 
microencapsulation. At the outset, a template of 
CaCO3 template was generated by co precipita-
tion with L-asparaginase. The polyelectrolyte 
microcapsules were then made by layer-by-
layer (LbL) coating of two or three poly dex-
tran/poly-L- arginine- based bilayers. Finally, the 
template material is dissolved, which ultimately 
gives rise to hollow capsules that contain the 
initially adsorbed enzyme. The resulting micro-
capsules showed increased stability in the pres-
ence of proteases such as trypsin and thrombin 
and resistance to thermal inactivation at 37 °C 
(Karamitros et al. 2013).

7.4.2.2  Nanoparticle Immobilization
Nanoparticles present the newest and one of the 
most versatile systems for conjugation and deliv-
ery of therapeutic enzymes, while ensuring sta-
bility. There are in fact, a multitude of 
nanocarriers and molecules available for selec-
tive tumour targeting in cancer. Gold nanoparti-
cles have proven to be an inert, non-toxic carrier 
for many protein drugs. The interaction of gold 
nanoparticles with thiols, provides an effective 
and selective means of controlled intracellular 
release (Ghosh et al. 2008). Functionalized gold 
nanoparticles with long hydrocarbon ligand 

chains have been investigated to stabilize the 
delivery of DNA, RNA, peptides and proteins 
(DeLong et  al. 2010). In another instance, 
Magnetic iron (II, III) oxide nanoparticles 
(MNP) have been employed to immobilize bac-
terial cholesterol oxidase with improved thermal 
and pH stability as well as reusability (Ghosh 
et al. 2018). Researchers have immobilized anti-
oxidant enzymes such as, catalase and superox-
ide dismutase onto non- polymeric MNPs as a 
treatment for diseases involving increased pro-
duction of reactive oxygen species and these 
nanoconjugates were found to exhibite resis-
tance to proteolysis (Chorny et al. 2010). Other 
polymeric nanoparticle-protein conjugates have 
also been developed. In a recent study, biode-
gradable poly(lactic-co-glycolic acid) nanopar-
ticles carrying rapamycin as an 
immunomodulatory agent, has shown its capa-
bility to induce immune tolerance to co- 
administered proteins. This is characterized by 
inhibition of antigen-specific hypersensitivity 
reactions, an increase in regulatory T cells, a 
reduction in B cell activation, and the induction 
of tolerogenic dendritic cells (Kishimoto et  al. 
2016). Polymeric nanoparticles (200–300  nm) 
composed of biodegradable block copolymers 
poly(ethylene glycol)-b-poly(lactic-glycolic 
acid), has been used to encapsulate catalase 
(Dziubla et al. 2005).

Some of the commonly used tools for improv-
ing the stability of enzymes used in various dis-
eases are listed in Table 7.2.

7.5  Analytical Characterization 
of Therapeutic Enzymes

With the increase in the demand for biotherapeu-
tics, quantity of production, quality control, 
safety and efficacy are important aspects of the 
manufacturing process. Several high-resolution 
analytical tools for the characterization of immu-
nological, physicochemical and structural attri-
butes of the product have been employed (Bui 
et  al. 2015; Rathore 2009). The techniques 
employed can be classified into two broad 
categories-.
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7.5.1  Tools for Analytical 
Characterization

Poly-Acrylamide Gel Electrophoresis 
(PAGE) is perhaps one of the oldest analytical 
tool for investigating proteins that is com-
monly used for early characterization. It is 
used to estimate size and isoelectric point of 
the protein, based on the property of charged 
molecules to migrate in the presence of an 
electric field. Both non-denaturing (native) and 
reducing (SDS) PAGE are used to resolve pro-
teins. Isoelectric focusing (IEF) is combined 

with PAGE to resolve proteins based on their 
isoelectric points in addition to size. Thus, 
2D-PAGE involving IEF in the first dimension 
and PAGE on the second is considered to be a 
convenient method for qualitative evaluation of 
charge heterogeneity, stability and post- 
translational modifications (Nebija et al. 2014). 
More recently, a more advanced form of PAGE, 
2D-Difference Gel Electrophoresis (DIGE), 
that involves direct labelling of proteins by 
fluorescent dyes and separation on 2D-PAGE, 
has been used for providing accurate identifi-
cation of spots. Both PAGE and 2D-DIGE can 

Table 7.2 Approaches for improving stability of therapeutic enzymes

Enzyme Tools Changes References
Class A 
β-lactamases

Hybrid enzymes formed with small 
peptides attached at permissive position

Bifunctional proteins formed, 
determination of specific 
antibodies enhanced

Huynen et al. 
(2013)

L-asparaginase Chemical modification with bovine 
serum albumin, ovalbumin by 
crosslinking using glutaraldehyde, 
N-bromosuccinimide, and mono- 
methoxy polyethylene glycol

High stability of L-asparaginase 
that was 8.5- and 7.62-fold more 
compared to native enzyme at 
28 °C and 37 °C by the end of 
24 h

(Mohan 
Kumar et al. 
(2014)

Serratiopeptidase Immobilization with chitosan 
nanoparticles

Anti-inflammatory activity 
increased upto 32 h compared 
with plain enzyme

Mali et al. 
(2015)

Streptokinase 
(SKA)

Use of sRNA FasX (sRNA) enhances ska 
transcript stability and tenfold 
increase in SKA activity

Ramirez Peña 
et al. (2010)

Alginate lyase Site directed mutagenesis Ca2+ binding activates enzyme, 
Ca2+ binding was enhanced by 
substitution of aspartate for 
glutamate in calcium binding site

Wang et al. 
(2018)

Superoxide 
dismutase

Chemically cross-linked multilayer 
polyion complex

Double coat nanozyme, half life in 
blood increased up to 60 min and 
enhanced enzymatic activity in vivo

Nukolova 
et al. (2018)

L-asparaginase Site directed mutagenesis Variants are designed by 
replacement of two positively 
charged residues (K139 and 
K207) on the surface loops with 
neutral and reverse charges; 
thermally stable

Vidya et al. 
(2014)

Lipase Immobilization on silica and magnetite 
coated silica nanoparticles

Stability enhanced, lipase retained 
over 73% of the initial activity 
after 5 times reuse

Lee et al. 
(2016)

Chondroitinase Site directed mutagenesis Aromatic amino acid substitution 
at positions Asn 806 and Gln 810 
with tyrosine improves activity 
and thermal stability of enzyme

Shahaboddin 
et al. (2017)

Penicillin acylase Error prone PCR Error prone PCR reactions 
applied to enzyme gene, activity 
(fourfold higher) and pH stability 
at pH 10 were improved

Balci et al. 
(2014)
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be coupled with Mass Spectrometry for identi-
fication of specific gel bands or spots (Reichel 
and Thevis 2013; Fekete et al. 2015)

High Performace Liquid Chromatography 
(HPLC) involves separation using a liquid 
mobile phase and a solid stationary phase. It is 
widely considered and used as a fundamental 
tool for analysis of biotherapeutics owing to its 
high resolution, selectivity, robustness and 
diverse choice of phases. It is typically used for 
analysis of proteins, nucleic acids, lipids, and 
other small molecules in complex mixtures. 
Based on the type of intended interactions 
between the analyte and the stationary phase, 
there are a variety of modalities that are used for 
protein analysis including Ion- exchange, Size- 
exclusion, Hydrophic Interaction and Reversed- 
Phase Chromatography. HPLC can also be 
coupled with Mass Spectrometry for simultane-
ous identification of the separated proteins 
(Mitulović and Mechtler 2006).

Circular Dichronism (CD) Spectroscopy is 
based on the differential absorption of left and 
right-handed circularly polarized light in the 
presence of light absorbing chiral groups. In pro-
teins, different structural elements such as 
α-helices and β-pleated sheets have a characteris-
tic spectra. During denaturation in the presence 
of denaturants or high temperature, CD can be 
used to monitor the folding and unfolding behav-
ior of proteins. This technique provides the 
advantage of rapid measurements of multiple 
samples containing 20 μg or less of proteins in 
physiological buffers in a few hours. However, 
residue-specific information can only be obtained 
through analytical tools such as NMR or XRD 
(Greenfield 2006).

Fourier Transform Infrared Spectroscopy 
(FTIR) is another widely used technique to 
unravel information about the secondary struc-
ture of proteins, mainly α-helices and β-sheets 
using infra-red (IR) incident beams. FTIR works 
on the principle of interferometry to record high- 
spectral- resolution information about molecules 
placed in the IR beam. A monochromatic beam is 
projected, the amount of light absorbed is mea-
sured and repeated for each different wavelength, 
thus giving rise to a spectra. FTIR offers an easy, 

non-destructive way to study the secondary struc-
ture of proteins with simple sample preparation 
methods and application over a wide variety of 
conditions. The polypeptide chains give rise to 
nine characteristic IR absorption bands, namely, 
amide A, B, and I−VII.  Out of these, amide I 
spectroscopy has been used to study folding/
unfolding and structural stability of protein mol-
ecules (Kong and Yu 2007).

Dynamic Light Scattering (DLS) is a tech-
nique for determining the average particle size 
distribution (mean effective diameter) of mole-
cules in a suspension or biotherapeutic formula-
tion. It involves a monochromatic light source, 
usually a laser, which is shot through a polarizer 
into the sample. The scattered light passes 
through a second polarizer, collected by a pho-
toamplifier and projected onto a screen. The data 
generated depends on dispersion, particle con-
centration, and presence of ions in solution. 
Recently, high-through put platform in DLS 
(HT-DLS) has been used to quantify viscosity of 
mAb formulations (Some and Burge 2015).

Raman Spectroscopy records vibrational, 
rotational, and other low-frequency modes of a 
particular system and is generally employed to 
study the secondary structure of proteins by 
studying the Amide I bond between 1600 and 
1700 cm−1 (Wen 2007). This technique is popular 
as it offers reduced susceptibility to interference 
by water on the scattered light as water is ineffec-
tive in scattering in this part of the spectrum. 
Other Raman techniques such as UVRR, ROA 
have been used for studying biotherapeutics 
including protein–protein interaction, protein 
aggregation and conformation (Wen 2007).

Fluorescence Spectroscopy is an important 
tool for studying changes in the tertiary structure 
of a protein, based on the intrinsic fluorescence 
of amino acid residues such as tryptophan and 
tyrosine (Vivian and Callis 2001). Upon excita-
tion by an external source of light, these fluro-
phores produce a characteristic emission 
spectrum. Changes in the tertiary structure due to 
protein denaturation can lead to alterations in 
either the intensity or the wavelength maxima 
(red or blue shifts) of the spectra, and are reflec-
tive of the local environment of the protein. In 
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absence of an intrinsic fluorophore, extrinsic flu-
orophore dyes such as 1-anilino-8-naphthale-
nesulfonate (ANS) and Thioflavin-T (ThT) can 
be used to induce fluorescence. However, this 
technique is not efficient to predict positional 
changes and nature of the modifications.

X-Ray crystallography is a pioneering tech-
nique for studying the structure of proteins. 
Based on the diffraction pattern of the incident 
X-ray beam on the crystal, the three-dimensional 
structure of the protein is constructed. However, 
prior purification and crystallization of biothera-
peutic proteins can prove challenging owing to 
the presence of inherent heterogeneity in the 
form of numerous post-translational modifica-
tions, which can be cumbersome for routine anal-
ysis, comparability and characterization 
(Berkowitz 2017).

Nuclear Magnetic Resonance (NMR) is 
based on the quantum mechanical properties of 
certain atomic nuclei. These properties depend 
on the local environment of the molecule, and 
their measurement provide information about 
chemical bonding and spatial arrangements. 
NMR parameters such as chemical shifts are 
most readily and accurately measurable and they 
reflect the conformations of native and nonnative 
states of proteins with great specificity (Cavalli 
et al. 2007). However, exploitation of this tool for 
routine characterization of therapeutic proteins 
has been limited due to factors including large 
size of protein, the low natural abundance of 
active nuclei, and the relatively low sensitivity of 
the NMR signals. The problems resolving over-
lapping peaks in larger proteins have been some-
what rectified by the introduction of isotope 
labelling and multidimensional experiments.

Transmission Electron Microscopy (TEM) 
is an analytical tool that has been lately being 
used in the field of biotherapeutics. It employs 
a beam of electrons which passes through a 
protein sample to form an image. Owing to the 
smaller wavelength of electrons as compared to 
photons, the resolution of images obtained is 
greater by many orders of magnitude, providing 
detailed internal structures of protein aggre-
gates (Anderson and Webb 2011). Recent 

advances in TEM technology, especially with 
the development of Cryo-TEM has enabled in-
depth studies of proteins (Tsuruta et al. 2015).

7.5.2  Tools for Functional 
Characterization

As discussed in the previous sections, immuno-
genicity is a major problem for a therapeutic 
product. Enzyme-Linked-Immunosorbent- 
Assay (ELISA) is a precursor, rapid technique to 
test the immunogenicity of a therapeutic protein, 
and has several applications in biotherapeutic 
characterization. In this assay, antigens (thera-
peutic protein) from a sample are attached to a 
surface. Enzyme-linked-antibodies specific to the 
antigen are then added. The signal can be detected 
by addition of a colorimetric substrate to the 
enzyme.

Surface Plasmon Resonance is a widely 
used label-free technique used for detection of 
biomolecular interactions, especially ligand- 
receptor kinetics (Nupur et al. 2018). It is an opti-
cal method which measures the refractive index 
of thin layers of materials deposited on metal sur-
faces. During SPR, polarised light strikes an elec-
trically conducting surface, leading to the 
production of plasmons. These electron charged 
density waves reduce the intensity of reflected 
light at a specific angle known as the resonance 
angle, in proportion to the mass on a sensor sur-
face. SPR has high sensitivity and is easy to use 
for real-time monitoring of association and dis-
sociation of an interaction. The design data anal-
ysis methods of SPR have found wide applications 
in microbiology, virology, epitope mapping and 
protein, nucleic acid, cell and membrane based 
interactions (Pattnaik 2005).

Bio-Layer Interferometry (BLI) is another 
optical label-free technique based on the interfer-
ence pattern of white light reflected from the sur-
face of the immobilised enzyme on the biosensor 
tip and an internal reference layer. Changes in the 
interference pattern are observed based on the 
number of molecules on the tip of the biosensor 
and can be used in studying binding kinetics.
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Isothermal Titration Calorimetry (ITC) is a 
quantitative technique for determining the ther-
modynamic parameters of biomolecular interac-
tions, mostly in case of small molecules binding 
to larger macromolecules (such as protein or 
DNA) (Pierce et al. 1999). In this technique, the 
two interactants are mixed together and the heat 
released/absorbed during the process is measured 
via titration. ITC is typically used as a secondary 
screening technique for characterizing binding 
affinity of ligands for proteins.

7.6  Future Perspectives

With increasing demand of medical technologies, 
it is imperative to look for therapeutics with bet-
ter stability, higher specificity, and greater circu-
lation time with lesser immunogenicity and 
toxicity. Microbes are still the largest source of 
therapeutic proteins. However, due to physio-
chemical and functional divergence, the tradi-
tional method of culturing microorganisms has 
limited the exploration of around 90–99% of 
unculturable microbes. With integrated ‘omics’ 
approaches of Metagenomics, Transcriptomics, 
Metaproteomics, and Metabolomics, it has 
become easier to study unculturable microbes 
and mining for stable therapeutic enzymes from 
vast data sets, at the molecular level (Ghosh et al. 
2017; Alain and Querellou 2009; Tiwari et  al. 
2018).

7.7  Conclusions

The market for enzyme based therapeutics is 
enormous in the current times and is projected to 
increase in the near future. Advancement in bio-
technology have facilitated unprecedented 
increase in the production of significant enzymes. 
Factors such as proteolysis, chemical modifica-
tions, acidic environment, hepatic first pass, 
immunogenicity, temperature, and the route of 
administration as well as the target site, affect the 
stability of enzymes. However, these challenges 
can be overcome by functional and formulation 

based approaches through the techniques of site- 
specific mutagenesis and cloning/expression and 
conjugation with polymers or nanoparticles. An 
enhanced understanding into the routes of admin-
istration and the drug absorption mechanisms is 
necessary to streamline the development process. 
Further exploration of microbial sources for more 
stable enzyme forms and protein mining through 
‘omics’ approaches could help in the develop-
ment of therapeutics against myriad fatal disor-
ders and syndromes.
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Abstract
Oral application of therapeutic enzymes is a 
promising and non-invasive administration that 
improves patient compliance. However, the gas-
trointestinal tract poses several challenges to the 
oral delivery of proteins, including harsh pH 
conditions and digestive proteases. A promising 
way to stabilise enzymes during their gastroin-
testinal route is by modification with polymers 
that can provide both steric shielding and selec-
tive interaction in different digestive compart-
ments. We give an overview of modification 
technologies for oral enzymes ranging from 
functionalisation of native proteins, to site-spe-
cific mutation and protein-polymer engineering. 
We specifically focus on enzymes that are active 
directly in the gastrointestinal lumen and not 
systemically absorbed. In addition, we discuss 
examples of microparticle and nanoparticle 

encapsulated enzymes for improved oral deliv-
ery. The modification of orally administered 
enzymes offers a broad chemical variability and 
may be a promising tool for enhancing their 
gastrointestinal stability.

Keywords
Exogenous enzymes · Gastrointestinal tract · 
Oral delivery · Enzyme therapy · Protein- 
polymer conjugates · Non-invasive imaging · 
Gastro-resistant coating · Pharmaceutical 
formulation · Stomach-resistant coatings
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8.1  Introduction

The oral administration of drugs is a non-inva-
sive, patient-friendly and highly desirable appli-
cation route (Vorselen et  al. 2018). It is often 
associated with better therapy compliance 
because patients can administer the required drug 
dose themselves and they adhere to their therapy 
regimen more strictly which is overall clinically 
beneficial. Indeed, patients prefer an oral admin-
istration of their medicine over an intravenous 
application, not only for cancer therapy (Eek 
et al. 2016). A prominent example for a macro-
molecular compound for which oral administra-
tion would be an important breakthrough, is 
insulin. A formulation of insulin that could be 
simply ingested and would still reduce blood glu-
cose concentrations would relieve millions of 
type 1 diabetes patients from their daily and 
repeatedly injections. Several academic 
approaches for enhancing the oral stability and 
bioavailability of insulin were developed, for 
example conjugation to a vitamin B12 receptor 
ligand for improved translocation (Clardy-James 
et  al. 2012), conjugation of insulin to various 
natural polymers such as trehalose glycopolymer 
(Liu et  al. 2017) and insulin encapsulated into 
nanocarriers (Chopra et al. 2017). The patients’ 
preferences and advantages of oral (insulin) 
administration have been known already for sev-
eral decades but clinically-translatable results 
and products are still limited (Vllasaliu et  al. 
2018). For a long time, chemical absorption 
enhancers have been considered the “holy grail” 
for oral delivery of macromolecules and proteins 
(Gupta et  al. 2013), but clinical outcomes from 
these approaches are modest. A simple way to 
modify orally administered macromolecules is 
by conjugation to polymers of different size, 
architecture and morphology (Moroz et al. 2016). 
These polymers may transfer some of their phys-
ical-chemical properties onto the drug and could 
induce enhanced stability, activity or improved 
systemic absorption of the active principle 
(Fuhrmann and Fuhrmann 2017). In this chapter 

we are discussing recent approaches for polymer 
modification of orally administered enzymes, an 
important subclass of macromolecular drugs that 
are clinically relevant in gastrointestinal (GI) dis-
eases such as lactose intolerance (Lomer et  al. 
2008), coeliac disease (Pinier et al. 2010), phe-
nylketonuria (Blau et al. 2010), pancreatic insuf-
ficiency (Leeds et al. 2011) and many others. We 
focus on modification of enzymes that are active 
directly in the GI tract but these chemical and 
engineering principles are also relevant for sys-
temically absorbed enzymes as these encounter 
comparable challenges upon oral administration.

8.2  Orally Administered 
Enzymes Are a Particular 
Class of Therapeutic Proteins

8.2.1  Oral Administration 
and the Physiology 
of the Gastrointestinal Tract

The GI tract is a difficult environment. It can be 
broadly compartmentalised into the oral cavity, 
oesophagus, stomach, duodenum, small intestine, 
large intestine, rectum, and anus (Fig. 8.1). It is a 
very complex combination of different organs, 
each holding a specific environment (e.g., pH, 
enzymes, digestive fluids) and various functions. 
Its physiological role is to disintegrate food com-
ponents, isolate nutrients and make their absorp-
tion possible. This natural principle of digestion is 
the major challenge when developing macromol-
ecules and especially enzymes as an orally admin-
istered formulation. In addition, orally given 
drugs may be influenced by food components, 
residual water content in each GI organ and the 
mean transit time which overall will enhance or 
reduce the absorption probability (Fuhrmann and 
Fuhrmann 2017). A detailed summary of these 
parameters, including GI fluid composition and 
retention times in the different organs are given in 
Table 8.1. For local oral application of enzymes, 
the most relevant GI compartments are stomach, 
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small intestine and large intestine and these will 
be discussed in more detail in the next section. In 
the stomach, food digestion is initiated at low pH 
and presence of proteases, mostly pepsin. For 
exogenous enzymes, these conditions lead to 
unfolding of proteins and loss of enzymatic activ-
ity. Such gastric digestion is possibly the major 

challenge for oral administration of enzymes. 
When leaving the stomach, the digested food 
reaches the small intestine with a neutral pH and 
presence of pancreatic enzymes, mainly trypsin 
and chymotrypsin. Enzymes are often not stable 
against these proteases and in addition, bile salts 
can further inactivate the biocatalysts. The mucus 

Fig. 8.1 Schematic overview of the human gastrointesti-
nal tract and its most relevant organs for food digestion, 
i.e., stomach, duodenum and intestine. Each of these 
organs has a digestive fluid composed of specific enzymes, 

pH and other substances. These digestive fluids are the 
major challenge for oral administration of protein drugs, 
in particular enzymes. (Reproduced from Fuhrmann and 
Fuhrmann 2017, Copyright 2017 Elsevier)

Table 8.1 Composition of digestive fluids and retention time in the different GI compartments

Gastrointestinal 
compartment

pH range of 
digestive fluid

Important digestive 
enzymes Average fluid volumes

Food residence 
time

Oral cavity 5–6 Amylase 0,6–1,7 L/day <1 min
Stomach 1–3 (fasted) Pepsin, amylase, lipase Total volume: 20–50 mL 

(fasted)
1–8 h

4–6 (fed)
2 L/day

Duodenum 4–4,5 Trypsin, chymotrypsin, 
amylase, lipase

2–5 h
Jejunum 6,5 1 L/day
Ileum 7,5 0,6 L/day
Colon 6–8 Bacterial enzymes – 4–70 h
Rectum – – – <1 min

P. Lapuhs and G. Fuhrmann
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lining in the GI tract also plays an important role 
when approaching the oral route. Mucus is the 
protective hydrogel matrix covering the GI walls 
(Bansil and Turner 2018). The mucus has a vari-
able thickness and it is composed of a firmly 
adhered layer and a loosely adhered layer (Dean 
et al. 2017). While for example in the stomach the 
firmly and loosely adhered layer have comparable 
thicknesses with 150 and 120  μm, the firmly 
adherent layer in the duodenum is only about 
15 μm thick and it is covered by 150 μm of loosely 
adherent layer (Dean et  al. 2017). The loosely 
adhered layer is renewed every 4–6 h (Fuhrmann 
et al. 2013). Interestingly, the loosely mucus layer 
is the habitat for microbiota living in the GI tract 
and other mucin-degrading bacteria while the 
firmly adherent layer has a more restricted bacte-
rial community including Bacteroides fragilis and 
Acinetobacter spp. (Donaldson et  al. 2015). 
Mucus can trap pathogens, particles and other 
potentially harmful food components (Murgia 
et  al. 2018). Ingested drugs may also interfere 
with mucus which may on one hand reduce their 
oral bioavailability but on the other hand could 
also be taken advantage of for enhanced retention 
of drugs in selected areas of the GI tract (Fuhrmann 
et al. 2013). Mucus penetration for orally admin-
istered nanoparticles is difficult to achieve because 
most carriers remain on the mucus surface and are 
readily cleaved by the GI motility. One of the few 
examples for mucus-penetrating nanocarriers pre-
sented was using biodegradable polymers 
poly(sebacic acid) and poly(ethylene glycol) 
(PSA-PEG) (Tang et  al. 2009). Interestingly, 
PSA-PEG nanoparticles only showed a little 
reduction in diffusion speed between water and 
different types of mucus pointing to a promising 
system for in vivo evaluation.

Overall, the GI tract poses several barriers and 
challenges to the oral delivery of compounds, 
ranging from small molecules to large proteins 
(Fuhrmann and Fuhrmann 2017). On the other 
hand, some GI properties may also be taken 
advantage of, including mucus adhesion for sus-
tained GI residence time (Fuhrmann et al. 2013), 
or stimuli-responsive release of molecules upon 
cleavage by native GI enzymes (Klinger and 
Landfester 2011; Aguado et  al. 2018). Recent 

advances in nanomedicine for oral biologics 
application may be promising and indeed some 
potential has been demonstrated (Vllasaliu et al. 
2018). In the following section, we will outline 
relevant challenges for the delivery of orally 
administered enzymes and aim at discussing any 
concurrently chances arising from the function 
and physiology of the GI system.

8.2.2  Challenges of Oral 
Administration of Therapeutic 
Enzymes

Among the various groups of orally administered 
drugs, macromolecules and proteins need to be 
examined differently compared to small mole-
cule compounds (Mitragotri et  al. 2014). For 
small molecules, biopharmaceutical properties 
including solubility in GI fluids and permeability 
across epithelial barriers are the key parameters 
when assessing their systemic bioavailability. For 
highly soluble small drugs their permeation 
through the GI membrane is the rate-limiting step 
for their absorption, while for well-permeable 
compounds their solubility will impact on the 
velocity of absorption. For these small molecule 
drugs, the biopharmaceutical classification sys-
tem is creating a profound basis when estimating 
their ability to be orally absorbed and thus their 
therapeutic efficiency (Donaldson et  al. 2015; 
Couvreur and Puisieux 1993). In contrast, pro-
teins and peptides often need to be folded in their 
physiological state to be pharmacologically 
active. This important difference between macro-
molecular and small molecule drugs is extremely 
relevant when developing these compounds for 
an orally administered formulation (Fuhrmann 
and Fuhrmann 2017). Within the group of pro-
tein-based compounds,  orally- administered 
enzymes are a special type of proteins as they 
require a unique three-dimensional folding of 
both their protein backbone and their active site. 
The active site is composed of a binding pocket 
to bind and orient the substrate and a catalytic 
domain which allows the enzymatic reaction to 
take place (Blocher et al. 1999). Small structural 
alterations in the binding and the catalytic site 
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may result in substantial loss in overall enzy-
matic activity. This loss will inevitably influence 
the enzyme’s therapeutic efficiency and will need 
to be addressed during pharmaceutical 
formulation.

The key players in this loss of enzymatic 
activity in the GI tract are: (i) pepsin and low pH 
in the stomach, (ii) pancreatic proteases, such as 
chymotrypsin and trypsin, and bile salts in the 
small intestine, and (iii) slightly basic pH and the 
microbial community in the large intestine. Low 
and high pH may lead to enzyme unfolding 
(Fuhrmann and Leroux 2011), while GI enzymes 
will digest enzymes and induce a loss in activity 
by degradation (Schulz et  al. 2015a). Pepsin 
preferentially cleaves hydrophobic residues such 
as leucine and phenylalanine and often leaves 
amino acids histidine, lysine arginine and pro-
line uncleaved (Hamuro et al. 2008). Trypsin and 
chymotrypsin prefer bonds between amino acids 
lysine, arginine and aromatic amino acids 
(Lundh 1957). Intestinal bile salts may addition-
ally inactivate orally administered enzymes 
(Cook et al. 2012).

In this chapter, we will focus mostly on orally 
administered enzymes which are active directly 
in the GI tract, i.e., those that are not systemically 
absorbed, in contrast to enzymes that are sup-
posed to function systemically after absorption. 
We are discussing engineering strategies for 
these enzymes using diseases such as coeliac dis-
ease (Tack et  al. 2010), phenylketonuria (Kim 
et al. 2004), pancreatic insufficiency (Regan et al. 
1977), including malabsorption in immunodefi-
cient patients, sucrose and lactose intolerance 
and others as model disposition. In some cases, 
model enzymes are simply normal GI enzymes 
such as α-CT or pepsin. The presented examples 
are discussed in more technical and methodologi-
cal detail to provide an in-depths understanding 
of modification strategies for oral enzymes. In all 
cases, the major focus is on assessing enzyme 
modifications to understand the different modifi-
cation strategies, which include:

 (i) Direct polymer modification of the enzyme 
backbone and

 (ii) Encapsulation of orally administered 
enzymes into gastro-resistant carriers and 
formulation strategies.

We are specifically interested in the chemistry 
behind enzyme polymer modifications and are 
discussing biocompatibility aspects and chal-
lenges associated with large scale production of 
these enzyme conjugates (Gauthier and Klok 
2010). Ultimately, an outlook on the pharmaceu-
tical and clinical relevance of modification strate-
gies is given.

8.3  Engineering Strategies 
for Oral Enzymes Which Are 
Effective Directly 
in the Gastrointestinal Tract

A potential avenue to enhance an enzyme’s activ-
ity in the GI tract is by manipulation of its pri-
mary amino acid sequence using recombinant 
technologies. In doing so, it may be possible to 
reduce tendencies for enzyme unfolding under 
acidic conditions, such as in the stomach. It may 
also increase the enzyme stability towards pepsin 
or intestinal digestive enzymes to overall improve 
oral enzyme activity. It was shown that replacing 
hydrophobic residues such as phenylalanine and 
leucine by analogues that are less recognised by 
pepsin can enhance stability of oral enzymes 
under mild acidic conditions (Ehren et al. 2008). 
In that work, a combination of structure-based 
with sequence-based approaches and machine 
learning algorithms has proven useful to identify 
improved variants of an enzyme explored for oral 
coeliac disease therapy. Two rounds of iterative 
mutagenesis and analysis were applied leading to 
variants with 20% increased specific activity at 
pH 4.5 and a 200-fold greater pepsin resistance. 
A comparable example is the recombinant engi-
neering of a ciliate- derived lipase that showed a 
>200-fold activity in comparison to the native 
lipase enzyme (Brock et al. 2016). Ciliates are a 
type of protozoans possessing hair-like organ-
elles called cilia which are responsible for their 
nomenclature. This protozoan lipase was highly 
active compared to a pancreatin standard and also 
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when bile salts were present. Genetic engineering 
may also be a suitable avenue as shown by a 
modified yeast lipase that showed inherent stabil-
ity under stomach in  vivo conditions and also 
using a test meal evaluation in a mini pig model 
of pancreatic insufficiency (Aloulou et al. 2015). 
Conservative changes in protein backbone struc-
ture, and recombinant genetic engineering may 
indeed influence enzyme stability and functionality 
but the influence of such unnatural modifications 
on enzyme immunogenicity needs careful evalu-
ation. Nevertheless, these examples nicely 
showed that engineering approaches can be use-
ful for improving enzyme functionality.

The primary focus of this chapter is on direct 
polymer modification of orally administered 
enzymes. In doing so, chemical groups exposed 
on the surface of the enzymes are coupled via 
chemical conjugation to the polymer of choice. 

The schematic concept of this conjugation is out-
lined in Fig.  8.2. The available groups on the 
enzymes’ surface may include amine groups (–
NH2) from lysine residues, sulphide bridges and 
free sulphide groups (-S-S and –SH) from cyste-
ine  residues, carboxyl groups (-COOH) from glu-
tamic or aspartic acid and amide groups 
(-CONH2) from glutamate residues. This list 
indicates the broad chemical diversity which is 
supplemented by the various types of polymers 
and polymer architectures that are conjugated 
onto these residues. Structures ranging from lin-
ear to comb-shaped architecture, from neutral to 
positively or negatively charged, and zwitterionic 
polymers to those that may selectively interact 
with GI mucus, endothelial surface proteins or 
even receptors (Fig. 8.3). The method of polymer 
stabilisation of enzymes is mostly based on steric 
hindrance and shielding of enzymes from the 

Fig. 8.2 Schematic overview of the general principle of 
polymer conjugation onto the surface of orally administered 
enzymes. The figure shows MX – an endopeptidase from 
Myxococcus xanthus (Shan et  al. 2004; Fuhrmann and 
Leroux 2014) – as a model enzyme and (a) illustrates conju-
gation of various charged or neutral polymers onto its surface. 

(b) Upon oral administration the surface exposed polymers 
may convey specific interaction in the GI tract, including 
mucoadhesion or receptor binding. Depending on the chem-
ical space the properties of enzyme conjugates may be tuned 
in different directions. (Reproduced from Fuhrmann et al. 
2013, Copyright (2013) Macmillan Publishers)
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external GI environment. By protecting the 
enzyme from the harsh GI conditions, particu-
larly in the stomach, it may be possible to retain 
a sufficient activity in the small intestine to cleave 
any potentially toxic substrate. Similar 
approaches have been successfully conducted to 
stabilise enzymes for systemic injection, for 
example polyethylene glycol (PEG)-
Asparaginase (Graham 2003). Asparaginase is an 
enzyme that cleaves asparagine into aspartic acid 
and ammonia and it is used in cancer therapy. 
Upon injection, it degrades free asparagine mak-
ing it inaccessible for cancer cells for which it is 
essential. The list of polymers that have been suc-
cessfully coupled onto oral enzyme surfaces is 

not limited to PEG and oligo ethylene glycol 
derivatives but also includes poly lysine, chito-
san, polyacrylic acid, various methacrylate poly-
mers such as temperature-responsive 
poly(N-isopropylacrylamide) and quartenary 
ammonium methacrylate as we will show in the 
following. Overall, the chemical space when 
modifying oral enzymes is large which is a major 
advantage of this approach. It creates a multitude 
of modification options and increases the chances 
of finding clinically successful candidates. In the 
next examples, we will discuss types of polymer 
modification, types of enzymes, types of chemi-
cal linkage, and their overall impact on enzyme 
activity and stability in the GI tract.

Fig. 8.3 Schematic overview of various polymer types 
and architecture for surface functionalisation of enzymes. 
A broad range of polymers is available for surface modifi-
cation of enzymes. These are charged and neutral poly-
mers, linear, branched or dendronised polymers, natural 

and biopolymers. This broad chemical variation allows 
tuning of specific enzymes to enhance their therapeutic 
selectivity and efficiency. (Reproduced from Fuhrmann 
and Fuhrmann 2017, Copyright (2017) Elsevier)

P. Lapuhs and G. Fuhrmann



159

8.3.1  PEGylation of Enzymes

PEGylation is the covalent attachment of poly (eth-
ylene glycol) to any drugs, including small mole-
cules, proteins and enzymes. PEG is a linear 
polymer approved by the FDA and used for several 
years for the development of clinically relevant 
conjugates (Rodríguez-Martínez et al. 2009). The 
first conjugates were developed in the 1990s, but 
they are mostly for systemic application (Hafner 
et al. 2014). Until now, at least nine PEG conju-
gates have reached the market, more are currently 
designed (Zelikin et al. 2016) which overall indi-
cates the importance and timeliness of the 
PEGylation approach. For oral administration, 
PEG seems to be the most straightforward polymer 
as it is biocompatible and offers a broad chemical 
variance (Veronese and Pasut 2005). In the follow-
ing, we are first discussing approaches with PEG 
alone, and then in comparison to other polymers.

To achieve PEGylation of a commercially 
available lactase, which is derived from 
Aspergillus oryzae, the enzyme was co-incubated 
with mPEG2-NHS in borate buffered medium 
(Turner et al. 2011). The NHS ester targeted 1 of 
the 16 lysine side chains found on the enzyme’s 
surface and the TNBSA assay combined with 
SDS-PAGE indicated monoPEGylation. By com-
bining SEC and HPLC, the separation of the 
enzyme-PEG conjugate from its educts was 
accomplished. The SEC elution profile showed 
the successful formation of the PEGylated 
enzyme. Further analyses of the modification 
indicated that PEGylation had no effect upon the 
enzyme’s stability and activity at varying tem-
peratures, whereas the activity and stability were 
increased at pH values between 2.5 and 4.5. By 
exposing the PEGylated enzyme to SGC and 
SIC, it could be shown that PEGylation protected 
the enzyme from proteolytic degradation by pep-
sin or pancreatin as well as from inactivation at 
lower pH values. Exposing both, PEGylated and 
unPEGylated enzyme to SGC followed by SIC 
resulted in retention of 25% and 12% of its activ-
ity for the PEGylated and unPEGylated enzyme, 
respectively. Surprisingly, an enhancement of the 

kinetic properties was found, indicated by slightly 
decreased km value and an increased Vmax and kcat.

Another model enzyme that is suited for 
assessing the impact of polymer modification on 
oral stability and activity is α-CT.  Rodríguez-
Martínez et  al. conjugated α-CT with PEG of 
various MW, i.e., 700, 2000 and 5000 Da and at 
different grafting densities (Rodríguez- Martínez 
et al. 2009). The rate of digestion of the substrate 
Suc-Ala-Ala-Pro-Phe-pNA for both, α-CT and 
PEG-α-CT was determined by measuring the 
absorbance of p-nitroaniline. Compared to the 
native enzyme, PEGylation resulted in a decrease 
of activity of around 40–50% and the kcat value 
decreased as the amount of PEG was increased 
when six or more molecules of PEG were 
attached. The main reason for the loss of activity 
might be the resulting increase of rigidity of the 
enzyme’s core. The bioactivity did not depend on 
the MW of PEG, at least for α-CT. The km value 
increased depending on the amount of PEG 
attached: it doubled after the first PEG was 
attached, remained constant for up to six mole-
cules and increased again after more than six 
PEGs were bound. The decrease in substrate 
affinity is a result of steric hindrance. To observe 
the effect of thermal stress on enzyme activity, 
α-CT and the conjugates were incubated at 45 °C 
prior to the activity measurement. The residual 
activity after incubating the enzyme at 45  °C 
increased with higher MW of PEG.  Five thou-
sand dalton PEG- conjugates showed 60% activ-
ity after 2.5  h of incubation, while the 700  Da 
conjugate retained about 30% and the native 
enzyme was inactivated. Overall, a higher MW 
PEG seemed to be beneficial for the enzyme, as 
there is no additional loss of activity while the 
stability is further increased.

In a continuation of this approach, it was stud-
ied in more detail which impact polymer modifi-
cation may have on the structural protein 
dynamics. In doing so, similar PEG-α-CT conju-
gates with PEG of a various MW, i.e., 700, 2000 
and 5000 Da and the degree of PEGylation was 
tuned between one and nine PEG molecules per 
α-CT (Rodríguez-Martínez et al. 2008). Different 

8 Engineering Strategies for Oral Therapeutic Enzymes to Enhance Their Stability and Activity



160

degrees of PEGylation were obtained by using 
molar ratios of activated mPEG to α-CT in the 
range of 1–13. To determine the degree of conju-
gation they titrated the free amino groups with 
TNBSA. By characterizing the PEG-α-CT conju-
gates via near-UV CD spectroscopy it could be 
shown that both, degree of PEGylation and 
molecular weight of PEG affects the structural 
integrity of the enzyme conjugate. Another aim 
was to study the influence of PEGylation on pro-
tein stability and structural dynamics. CD spec-
troscopy was used to estimate the effect on tertiary 
structure and DSC for thermal denaturation 
experiments. PEGylation resulted in increased  
Tm values by 6 °C after four PEG molecules were 
bound. Also, the free energy of protein unfolding 
and consequently the thermodynamic stability 
increased. Information on the structural dynamics 
of the conjugate could be received by FTIR H/D 
exchange experiments which indicated that 
PEGylation resulted in a more rigid protein core, 
as the rate of exchanging amide hydrogens is 
reduced. Again, the reduction of protein dynamics 
saturated after four PEG molecules were attached. 
As for the thermodynamic stability it was rea-
soned that the amount of PEG, not the MW of the 
attached PEG is crucial.

One of the clinically most advanced oral 
enzyme approaches is the development of phe-
nylalanine cleaving enzymes for the treatment of 
phenylketonuria. In phenylketonuria a genetic 
defect in the phenylalanine cleaving enzyme phe-
nylalanine hydroxylase  – which catalyses the 
conversion of phenylalanine to tyrosine – leading 
to typical reduced cognitive development 
(Bélanger-Quintana et al. 2011). At the moment, 
the treatment comprises of reduced phenylala-
nine intake via the nutrition which is challenging 
to maintain. Phenylalanine hydroxylase used for 
replacement treatment might be promising but the 
enzyme requires certain co-factors which make a 
straightforward use difficult. A recombinant phe-
nylalanine ammonia lyase (PAL) was developed 
as a robust alternative enzyme that can degrade 
phenylalanine without the need for cofactors 
(Kim et  al. 2004). This PAL was produced in 
yeast and was successfully studied in an in vivo 

mouse model of phenylketonuria (Sarkissian 
et  al. 1999) and has shown promising activity. 
Nevertheless, this PAL was applied parentally 
and it would be desirable to administer the 
enzyme by oral administration. When further 
developing this approach of orally administered 
PAL, a new variant, namely TM-AvPAL was 
investigated (Kang et al. 2010). This variant was 
modified using a silica sol-gel matrix and 
PEGylation of surface lysines. Silica particles 
were produced by adding the enzyme to a silica 
sol of pH > 4 and transferring this solution into 
liquid paraffin with 1% w/w Span 80, in which 
the gelation occurred. To achieve enzyme 
PEGylation with 5  kDa linear PEG via NHS-
ester strategy, the enzyme was dropped into a 
stirring solution of PEG in potassium phosphate 
buffer of pH 8 and the reaction kinetics were 
assessed by SDS-PAGE. They found that a maxi-
mum protein load of around 13.8 mg/mL could 
be achieved without causing a negative effect on 
particle morphology or protease protection. The 
silica gel protected the enzyme from inactivation 
in acidic medium of pH 3.5 for 1 h. When incu-
bating the enzyme containing silica particles in 
the presence of chymotrypsin or trypsin, the 
enzyme retained 50% of its activity after 2  h, 
while the free TM-AvPAL was inactivated after 
15 min (Fig.  8.4). The effect of PEGylation on 
the enzyme stability was also evaluated and it 
was found that there was no protection from 
acidic conditions, as the enzyme also lost its 
activity after 15 min. PEG was able to protect the 
enzyme from digestion by trypsin and chymo-
trypsin at pH 6.8 for 4 h, however the protecting 
effect was more pronounced for trypsin, which 
suggests that PEG effectively blocked its poten-
tial cleaving sites. To measure the enzyme activ-
ity of PAL, it was added to a phenylalanine 
solution at pH 8.5, causing the formation of 
trans-cinnamic acid as digestion product. The 
substrate affinity was not affected by PEGylation. 
However, the enzyme encapsulated in silica par-
ticles had a lower specific substrate affinity. The 
oral formulation of this PEG-AvPAL needs further 
evaluation while an s.c. application has already 
reached clinical phase 2 trials (Pascucci et al. 2018).
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8.3.2  PEG in Comparison to Other 
Polymers

Using a non-invasive imaging method (Fuhrmann 
and Leroux 2011), the activity of an orally admin-
istered enzyme  – PEP used in the treatment of 
coeliac disease – was approached in a systematic 
manner. PEP enzymes may potentially cleave del-
eterious food gluten, the major cause of coeliac 
disease, and could ameliorate clinical outcome. 
PEGylated PEPs showed improved cleavage of 
gluten model peptides and were more stable under 
simulated GI conditions (Robic 2007). In addition 
to PEG, PEP enzymes were modified with struc-
turally and architecturally divers polymers, 
including poly lysine, poly acrylic acid and a den-
dronised polymer PG1 (Grotzky et  al. 2012). It 
was shown that all polymers can enhance the sta-
bility of the enzymes in vivo. Most interestingly, 
the PG1 polymer induced an unprecedented 

enhancement of the PEP activity in the stomach 
which lasted about 4 h, i.e. the time by which the 
loosely adherent mucosal layer is shed off. PG1 
was indeed mucoadhesive as shown both in vitro 
and in vivo and so was the PEP conjugate with 
this polymer.

All previously described approaches have 
used the enzyme in its natural conformation, 
which means they rely on chemically accessible 
functional groups on the enzyme surface, such as 
lysine- residues. The advantage of doing so is that 
the enzyme is used in its native state. A potential 
downside being accessible groups need to be 
present in significant abundance to allow cou-
pling with the polymer of choice in the required 
density. In site-directed mutagenesis, the protein 
backbone of the enzyme is selectively engineered 
by introducing other residues and groups that 
allow a chemically selective coupling of the poly-
mer of choice. One way of such modification of 

Fig. 8.4 The stability of PEGylated TM-AVPAL under 
different simulated GI conditions. Assay of 5 kDa PEG-
TM-AvPAL by incubation with USP pH 3.5 buffer for 1 h, 
or USP pH 6.8 buffer, 5 mg/mL Chymotrypsin solution, 

or 5 mg/mL Trypsin solution for 2 h before assaying for 
catalytic activity. (Reproduced from Kang et  al. 2010, 
Copyright (2010) Elsevier)
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the PEP enzymes was followed by installing 
three cysteine residues onto the surface of the 
enzyme via site-directed mutagenesis of the pro-
ducer bacterium, Myxococcus xanthus (Schulz 
et al. 2015b). To investigate the effect of polymer 
conjugation on the enzyme’s stability and activity 
PEG was coupled via thiol- maleimide linkage by 
incubating the enzyme overnight with 100 molar 
equivalents of 5 kDa or 40 kDa mPEG-maleimide 
in sodium phosphate buffer and purification by 
repetitive ultrafiltration. By attaching one to three 
PEGs of different molar masses (5  kDa or 
40  kDa) to the enzyme it was found that both 
position and total molar mass of polymer affect 
the stability and activity. In comparison, a gener-
ation three PAMAM dendrimer of 6.5 kDa was 
attached to the enzyme by triple- conjugation. 
Both, PEG and PAMAM conjugates were studied 
non-invasively in  vivo (Fuhrmann and Leroux 
2011) using a gluten-like substrate, carrying a 
fluorophore/quencher, enabling the detection of 
fluorescence at λex/em of 745/800  nm after its 
successful digestion. The fluorophore/quencher 
probe was given orally 5 min and 1–2 h after oral 
administration of the enzyme, to prove that the 
functionalised enzyme is stable even after longer 
incubation times in the GI tract. In vivo activity 
could be shown by the measurable fluorescence 
after release of the fluorophore due to digestion. 
While the 5 kDa PEG conjugate showed no sta-
tistical difference in activity compared to the 
negative control, 40  kDa PEG- and PAMAM-
functionalisation resulted in a significant increase 
of enzyme activity. It is suggested that the cat-
ionic charge of PAMAM contributes to the pro-
tection, for example by complexing negatively 
charged mucin, making its smaller hydrodynamic 
diameter compared to the 5 kDa PEG negligible.

8.3.3  Methacrylate Polymers

As discussed in the previous section, albeit being 
more biocompatible and clinically approved PEG 
is not always superior to other polymers, such as 
charged or branched. In recent years, antibody 
formation against orally administered PEG is 
becoming clinically more relevant (Ishida et  al. 

2003; Zhao et  al. 2012). Modification of oral 
enzymes without impairing their GI stability is 
tricky and may require the design of conceptually 
new polymer conjugates that are not based on 
simple PEG chains. A few of such new examples 
are discussed below where polymer chains are 
grown directly from the surface of the enzymes 
using a so-called polymer-based protein engi-
neering (PBPE) avenue (Fig. 8.5).

In PBPE approaches, polymer chains are 
selectively grown from the surface of the 
enzyme, using a so-called “grafting from” 
approach. As example, an α-CT model enzyme 
was modified with the temperature responsive 
polymers pNIPAm and pDMAPS by ATRP 
(Cummings et al. 2013). MALDI-TOF analysis 
revealed that there were 12 ATRP initiators 
attached to the enzyme, from which the polymer 
chains could be grown. For polymer analysis, 
they were cleaved by hydrolysis and their molec-
ular weight was determined to be 10  kDa for 
pDMAPS and 9 kDa for pNIPAm per chain. For 
further analyses, the critical solubility tempera-
tures, i.e., UCST and LCST of free  polymers and 
α-CT conjugates, kcat and km were determined at 
5 °C, 25 °C and 40 °C, and the effect of conjuga-
tion on enzyme stability were studied. The 
UCST of α-CT-pDMAPS was 13  °C and the 
LCST of α-CT-pNIPAm was 29.5 °C, both com-
parable to the isolated polymer with 12  °C 
respectively 30 °C. pNIPAm changes its confor-
mation above the LCST, it collapses and becomes 
highly hydrophobic, while pDMAPS is hydro-
phobic below its UCST. Comparing the kcat and 
km values at all temperatures, α-CT-pDMAPS 
showed lower km than the native α-CT, meaning 
it has a higher substrate affinity, possibly due to 
the interactions between the model substrate and 
pDMAPS. Even below the UCST its activity was 
higher. α-CT-pNIPAm collapsed at 40  °C fol-
lowed by a decrease in activity, probably caused 
by the increased steric hindrance. Relating to the 
enzyme stability it could be shown that conjuga-
tion stabilises the enzyme from both, autolysis 
(main reason for inactivation at 25 °C) and pro-
tein denaturation (main reason for inactivation at 
40  °C).  The stabilizing effect of pNIPAm was 
higher than that of pDMAPS, because pNIPAm, 
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in its collapsed state at 40  °C, shows a higher 
degree of steric hindrance. By using PBPE the 
activity and stability of enzymes could be pre-
dictably modified by using temperature respon-
sive polymers.

When extending the arsenal of polymers for 
α-CT modification, ATRP was applied to couple 
zwitterionic pCBAm, neutral pOEGMA, positive 
pQA, and negative pSMA on the enzyme’s sur-
face (Cummings et  al. 2017). In doing so, 
NHS-Br initiator was immobilised on the surface 
and quantified via MALDI-TOF-MS.  Then the 
reagent monomers CBAm, OEGMA475, QA and 
SMA were added in a suitable medium. The con-
jugates were purified by dialysis and the weight 
percent of chymotrypsin in the different conju-
gates defined by BCA assay. As discussed above, 
GI mucus plays a pivotal role in the interaction of 
orally administered enzymes and it is interesting 
to better understand the role of polymer type, 
charge and architecture in this complex system. 
The various α-CT-conjugates were tested for 
in vitro polymer mucoadhesion by adding them 
to mucin in different buffer systems and deter-
mining the biocatalytic activity of the conjugate 
using a cleavable substrate. Also, the gastric acid 

stability, the surface charge of the α-CT-initiator 
complex and the intrinsic tryptophan fluores-
cence of the α-CT conjugates was determined. It 
was found that each α-CT conjugate, depending 
on the polymer, had different characteristics 
regarding mucoadhesion, activity and stability at 
different pH values. When studying the free 
polymers for mucoadhesion, pQA showed sig-
nificant mucin binding at all tested pH values, but 
pSMA and pOEGMA led to no adhesion to the 
negatively charged mucin at all. Electrostatic 
interaction was postulated to be the main driving 
force for mucin binding. Depending on the pH, 
pCBAm showed different degrees of mucin bind-
ing. α-CT-pQA and α-CT-pCBAm retained 70% 
activity, while α-CT-pSMA and α-CT-pOEGMA 
had less than 50% activity, compared to the native 
chymotrypsin. There was also a large increase in 
substrate affinity for the α-CT-pQA conjugate, 
while the affinity of the α-CT-pSMA conjugate 
decreased at pH 6, which can be explained by 
electrostatic attraction or repulsion of the nega-
tively charged substrate. The stability at gastric 
conditions was dependent on the attached polymer. 
The positively charged α-CT-pCBAm (at lower 
pH values) and α-CT-pQA showed higher stability 

Fig. 8.5 Schematic overview of the principle of polymer-
based protein engineering (PBPE). Overview of PBPE 
using ATRP with DMAEMA and Chymotrypsin. 

(Reproduced from Murata et al. 2013, Copyright (2013) 
American Chemical Society)
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compared to the native chymotrypsin, while 
α-CT-pSMA and α-CT-pOEGMA were destabi-
lised through functionalisation.

PDBE is seen as a potent alternative to site-
directed mutagenesis because it may allow to 
predictably influence the functionality of cata-
lytically active enzymes by polymer- engineering. 
For ATRP initiators, a common problem is that 
conventional initiators often lack sufficient water 
solubility to conduct modification in aqueous sol-
vents, while most therapeutic enzymes are easily 
denatured in organic solvents. To overcome this 
issue, a water-soluble NHS-functionalised, amide 
containing ATRP initiator was synthesised for 
conjugation of PDMAEMA (Murata et al. 2013) 
(Fig.  8.5). This polymer was used as a model 
because of its strong hydrophilic or hydrophobic 
properties, depending on the tested pH values 
between pH 5 and 9. Four different chain lengths 
of PDMAEMA were evaluated and depending on 
the chain length of PDMEAMA a different struc-
ture was achieved. Shorter polymers resulted in a 
mushroom-like structure, while longer chains, 
appeared brush-like. A pH- and temperature- 
dependency on enzyme activity and stability 
were observed. Due to the protonated state of 
PDMEAMA at pH values below the pka, it was 
hypothesised that the positive charge of the poly-
mer stabilises the negative charge of the aspartate 
in the catalytic triad of α-CT. As shown by the 
lower km, the substrate binding also improved 
below pH 8, while the km increased at higher pH 
values, probably due to hydrophobic interactions 
between the substrate and uncharged 
PDMEAMA.  At pH 5, the catalytic efficiency 
increased tenfold. Regarding the temperature-
dependency, the LCST was important. Below the 
LCST, which depends on the chain length, the 
chains were hydrated and expanded. Above the 
LCST the catalytic efficiency decreased signifi-
cantly. Exposing the α-CT conjugate to pH 7 and 
40 °C resulted in 80–90% retention of the initial 
activity, while the native enzyme retained 50%. 
Also, the half-life was increased by almost 
30-fold, independent of the polymer length. It 
could be demonstrated that the activity and sta-
bility of the α-CT conjugate depended on charge 
and conformational state of the polymer. Thus, 

they could be influenced by pH value and tem-
perature in the GI environment.

From an analytical point of view, it remains 
difficult to study the conformational changes that 
enzyme-polymer conjugates undergo in different 
environments. A NMR spectroscopy method was 
developed to further evaluate the conformational 
and permeability properties of protein-bound 
monolayers of pOEGMA as a biocompatible 
comb-polymer (Liu et al. 2012). The aim was to 
synthesise a variety of α-CT-pOEGMA conju-
gates and to analyse the behaviour of the polymer 
monolayer regarding the conformation and per-
meability by probing the polymer backbone flex-
ibility via 1H NMR spectroscopy and observation 
of the catalytic activity of the enzyme conjugate 
(Fig. 8.6). ATRP was again used to grow chains of 
the polymer from previously prepared α-CT 
macro-initiators, which were obtained by reaction 
of 2-BIBB with lysine residues. Between 2 and 12 
polymer chains from α-CT, with a varying back-
bone length between 10 and 100 monomers and 
side-chain lengths between 2 and 21–23 oxyeth-
ylene units. Tryptic digestion LC-MS revealed a 
random distribution of initiator groups on α-CT 
and they found that the polymer chains of a given 
conjugate were comparable regarding their 
lengths. 1H NMR spectroscopy suggested that the 
flexibility of pOEGMA decreased with an increas-
ing number of chains per enzyme by transitioning 
from free over loose chains to a brush-like layer. 
An increasing backbone length caused the poly-
mer to transition from a brush-ellipsoid to a brush- 
cylindrical state, which has an impact on the 
permeability of the polymer monolayer. There 
was no preference towards smaller or larger sub-
strates in the state of loose chains, but they found 
a preferential activity towards the smaller sub-
strates, both BTpNA and Suc-Ala-Ala- Pro-Phe-
pNA, in a brush-ellipsoid conformation of 
pOEGMA. Comparing these two substrates, the 
smaller BTpNA had an even higher preferential 
activity. The authors indicate a pronounced selec-
tive permeability, so called “molecular sieving” 
caused by gaps between the polymers chains of 
the monolayer, which get smaller, the closer the 
polymer gets to the transition from ellipsoid to 
cylindrical state. When determining the enzyme 
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activity in the presence of α1-antiCT depending 
on the state of the polymer, they found that the 
conjugates in free or loose contact state were 
inhibited by α1-antiCT, while the two brush-states 
were not affected. Due to the molecular sieving 
effect the brush-ellipsoid state was superior to the 
brush- cylindrical state. As a control, they tested 
for the activity of an α-CT-PEG conjugate with 
8–9 linear chains and found that α1-antiCT caused 
a decrease in activity.

Summarising the different approaches for 
engineering orally administered enzymes to ren-
der optimal stability and activity, it may be useful 
to create a generalised rule to achieve successful 
clinical candidates. While PEGylation still 
remains the academic “gold-standard”, it appears 
that other polymers than PEG may provide addi-
tional features to further enhance the stability of 
enzymes and enabling their selective interaction 
with GI components. In terms of modification 
strategies, there are three main avenues of inten-
sive research activity, including (i) native enzyme 
modification taking advantage of the natural 
enzyme structure and conformation, (ii) site-spe-
cific mutation to introduce new chemically acces-
sible residues and (iii) protein polymer 
engineering where enzymes are converted into a 
polymerisation initiator. All of these paths have 
their advantages and disadvantages and the deci-
sion what functionalisation is to follow will 

mostly depend on the natural enzyme conforma-
tion and stability and the availability of the appro-
priate polymer in the required molecular weight 
and architecture. Should new polymers be devel-
oped, their biocompatibility needs careful assess-
ment, for example charged and dendronised 
polymers may interact with the GI cell barrier 
and induce instability which could allow foreign 
material to be translocated (Turner 2009). To 
bring these approaches forward, detail evaluation 
both in complex in  vitro (Leonard et  al. 2012) 
and in vivo models are required.

8.4  Formulation Strategies 
for Oral Enzymes Which Are 
Effective Directly 
in the Gastrointestinal Tract

GI enzymes and low pH in the stomach are one of 
the major issues for oral delivery of enzymes as 
discussed in previous sections. One of the most 
studied avenues to circumvent these drawbacks is 
the application of stomach-resistant and enteric 
coatings. These coatings are successfully applied 
for monolithic oral dosage forms tablets and cap-
sules and they protect their cargo from the harsh GI 
environment and release (macromolecular) drugs 
under the milder conditions in the upper small 
intestine (Regan et al. 1977). Compared to single 

Fig. 8.6 Schematic illustration of the behaviour of archi-
tecturally different polymers conjugated onto the surface 
of a model enzyme. The idealised cartoon shows the orga-
nization and selective permeability characteristics of the 

four different regimes observed within the 3D parameter 
space of protein-bound pOEGMA examined. (Reproduced 
from Liu et al. 2012, Copyright (2012) Wiley)
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dosage forms (i.e., tablets and capsules), multiple 
dosage forms – due to their small size – provide a 
few advantages, such as reduced stomach residence 
and increased transition into the small intestine, 
specific interaction in different GI compartments 
and the option of combining them with selective 
release mechanisms (Zhang et al. 2015).

Here, we focus on newer systems such as mic-
roparticles and nanoparticles and we discuss strate-
gies combining enzymes with biomaterials 
including hydrogels. Such combination with new 
materials may offer different ways of formulating 
enzymes taking advantage of the properties of the 
biomaterial itself (Fuhrmann 2018; Lee et al. 2018).

8.4.1  Microparticles, Macropores 
and Nanocores

Microparticle formulations for oral application 
have been widely assessed and studied for a 
long time, not only for protein-based drugs 
(Couvreur and Puisieux 1993). These systems 
are easily prepared with a good control over 
their size and morphology. An interesting exam-
ple is a multi- particulate delivery system of pan-
creatin enzymes created by encapsulation with 
the acid-stable polymers CAP, Eudragit® L100 
or HPMCP (Naikwade et al. 2009). During for-
mulation development, solid dispersions with 
CAP in ratios of 1:1 and 1:2 of pancreatin to 
CAP were prepared by physical mixing, knead-
ing and coevaporation methods. In case of 
Eudragit® L100 and HPMCP the dispersions 
were prepared in ratios of 1:2. Additionally, 
microspheres were prepared by solvent evapora-
tion technique in a core-to-coat ratio of 1:0.25 
and 1:0.5 and by nonsolvent addition technique 
in a ratio of 1:0.5, with a ratio of dispersion to 
vehicle of 1:5. They also prepared solid disper-
sions by spraying a solution of enzyme and 
polymer on the surface of sugar spheres. 
Protease, amylase and lipase content was deter-
mined spectrophotometrically or by titration. 
While some of the microspheres prepared by 
solvent evaporation or nonsolvent addition tech-
nique showed promising acid protection, 

enzyme activity and particle size, the solid dis-
persions failed due to insufficient protection 
against acid and the spraying on sugar spheres 
caused the enzymes to lose their activity. 
Pancreatin microspheres with Eudragit® L100 
as coating material, prepared by solvent evapo-
ration technique with a core to coat ratio of 
1:0.5, were chosen for the comparison with 
marketed tablets. In vivo experiments with pan-
creatic enzyme deficient rats, showed the high-
est retained enzyme activity after 3 and 6 months 
storage. In vitro tests showed that the micro-
spheres reduced fecal fat by 38%, which is 2.5 
times more than by treatment with plain pancre-
atin. Safety of the formulation was confirmed by 
dose toxicity studies.

In a comparable approach, MPs were fabri-
cated from Eudragit S100 via microemulsion 
technique using sonication which contained pH-
responsive macropores (Kumar et  al. 2017). 
Different sonication methods were tested to study 
the effect on pore formation. Lactase was encap-
sulated by suspending the MPs in a trehalose-
containing solution of the enzyme. The MPs 
were freeze-dried to ensure sealing of the pores. 
As shown by SEM and TEM imaging, freeze-
drying resulted in closure of the pores. When 
incubating the MPs in SGF and SIF to examine 
the pH responsiveness of the pores it was found 
that they remain closed in SGF but opened when 
the MPs were exposed to SIF.  Regarding the 
release behaviour under different pH values, they 
found that fluorescent model  drugs were not 
released at pH 2.0, while the measured fluores-
cence intensity increased rapidly when the MPs 
were exposed to pH 7.1, due to the opening of the 
pores under those conditions. Their investigation 
regarding the protective effect of the MPs towards 
lactase showed that the enzyme retained 50% 
activity, while the unprotected enzyme was com-
pletely inactive after 2  h of incubation in 
SGF. The MPs are a suitable carrier for the tar-
geted release in the small intestine, which also 
protects the enzyme from acidic gastric environ-
ment, shown by the more than 15 times higher 
activity as commercially available lactase 
formulations.
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Further reduction in size of enzyme loaded 
carriers, i.e. moving from microparticle to 
nanoparticle, may modulate the enzyme stability 
and interaction in the GI system. Nanoceramic 
cores (NCCs) are a glassy matrix of sugar oligo-
mers providing an aqueous environment, which 
could improve the stability and activity of loaded 
enzymes (Parihar et al. 2017). HAP NCCs were 
prepared by self-precipitation method and then 
coated with cellobiose or trehalose, to increase 
the surface area as well as to ensure a protective 
environment for the adsorption of catalase. 
Encapsulation of the enzyme loaded NCs within 
alginate by adding CaCl2 was to protect catalase 
from acidic conditions after oral application. A 
standard H2O2 degradation assay was used to 
determine the enzyme activity of encapsulated 
catalase. To determine the in  vitro release, the 
loaded nanocores were incubated for 2 h in HCl 
buffer at pH 1.2, followed by 6 h incubation in 
alkaline phosphate buffer at pH 7.4, both at 37 °C 
and stirring at 100  rpm to mimic GIT passage. 
When comparing the adsorbed sugars, TEM pic-
tures showed that cellobiose gave a well-packed 
structure, while trehalose aggregated to some 
extent. The results from adsorption isotherm sug-
gested a higher total adsorption of catalase for the 
cellobiose system, which also had a better load-
ing efficiency. Determination of enzyme activity 
showed, that the free catalase was completely 
inactive after treatment with acidic buffer, while 
the alginate encapsulated enzyme lost only 1.3–
1.5% of its activity, using cellobiose respectively 
trehalose. Treatment with basic buffer resulted in 
activity retention of 81.0% for free catalase, 
99.0% and 99.8% for cellobiose or trehalose as 
adsorbent. Regarding the in vitro release of the 
enzyme, they found that the alginate system kept 
its integrity during the incubation in acidic 
medium, due to its conversion to unionised 
alginic acid. The cumulative drug release of 
about 20% after 2 h is due to diffusive release. 
When entering the alkaline buffer, the alginate 
dissolved quickly, resulting in a rapid release of 
catalase, followed by a sustained release due to 
desorption from the core structure. The release in 
alkaline buffer followed first order kinetic. 

Storage stability studies revealed a loss of 1.5–
1.9% of enzyme activity after 6 months.

8.4.2  Hydrogel Approaches

Hydrogels are a promising group of biomaterials 
with a high degree of functionality, ease of prepa-
ration and various preclinical applications. 
Hydrogels offer a broad chemical variance for 
modification, they are biocompatible and have 
been successfully applied for several applica-
tions, including tissue engineering (Parmar et al. 
2015), regenerative medicine (Pashuck and 
Stevens 2012) and other therapeutic applications 
(Fuhrmann et al. 2018). For oral delivery, hydro-
gels can be obtained from synthetic and natural 
polymers which in addition to protection of car-
goes can specifically interact in different regions 
of the GI tract, for example mucus adhesion of 
chitosan hydrogels. Polysaccharide hydrogels are 
well-studied and clinically evaluated which 
would allow a quick translation of results to pre-
clinical assessment. Examples of these avenues 
are outlined below.

A recent approach was presented by prepar-
ing catalase-loaded HA-CM-chitosan hydrogel 
microspheres via emulsion cross-linking tech-
nique, using EDC/NHS as co-crosslinkers (Tang 
et al. 2014). The rate of enzymatic degradation 
was measured by determination of the mass loss 
after incubation in hyaluronidase-containing 
medium. Using the Bradford method, the encap-
sulation efficiency as well as the release behav-
iour was assessed. The activity of the entrapped 
catalase was compared to the activity of the 
native enzyme by determining the decay rate of 
hydrogen peroxide, after incubating both, loaded 
microspheres and native enzyme in trypsin con-
taining buffer respectively in buffer solutions 
between 2.0 and 8.0 at 37 °C. Cross-linking of 
HA and CM-chitosan resulted in a higher stabil-
ity against degrading enzymes such as hyaluron-
idases. When evaluating the activity of entrapped 
catalase as a function of encapsulation efficiency, 
the activity was lower than expected, probably 
due to the carboxylate anions of HA, which 

8 Engineering Strategies for Oral Therapeutic Enzymes to Enhance Their Stability and Activity



168

competitively block the binding site of catalase. 
An increase of CM-chitosan in the microspheres 
resulted in an increase of catalase activity. The 
encapsulated catalase was protected from acidic 
gastric conditions as well as from digestive 
enzymes as trypsin, as shown by the remaining 
activity of encapsulated enzyme compared to the 
native catalase. A HT-29 cell model was used to 
investigate the microsphere’s capability of scav-
enging hydrogen peroxide and the resulting cell 
viability in the presence of catalase. The cell 
model showed that the HA-CM-chitosan micro-
spheres with a ratio of HA to CM-chitosan of 
1:3, successfully delivered catalase to the HT-29 
cells, as demonstrated by the intracellular hydro-
gen peroxide scavenging ratio of 37.8%. They 
were able to demonstrate that encapsulated cata-
lase had a significant protective effect on hydro-
gen peroxide induced stress, while native 
catalase failed to protect the HT-29 cells.

Another polysaccharide-based hydrogel was 
recently presented by preparing differently sized 
carrageenan-based hydrogel beads loaded with 
β-galactosidase and with or without Mg(OH)2 as 
buffer (Zhang et  al. 2017). Hydrogel beads of 
255 μm and 2610 μm diameter were prepared and 
the effect of acidic conditions on the activity of 
lactase was studied by incubation in preheated 
SGF for 2 h. The pH inside the beads was deter-
mined by CLSM by using a fluorescence probe 
which bears a pH-dependent and a pH-indepen-
dent fluorescence group. By calculating the ratio 
of intensities of both fluorescence groups, the pH 
inside the beads could be estimated. The pH 
inside the unbuffered beads dropped from 6.9 to 
below 4 after incubation, while it decreased 
slightly from 7.2 to 6.6 inside the buffer-contain-
ing beads, indicating the protecting effect of buf-
fer-loaded beads against acidic conditions. 
Lactase in unbuffered beads completely lost its 
activity after 5  min incubation, independent of 
the size of the beads. As opposed to this, the 
enzyme activity depended on both, size of the 
beads and amount of buffer loaded. For smaller 
beads a higher amount of buffer was needed to 
retain a reasonable level of activity due to shorter 
diffusion distance for H+ ions inside and higher 
amount of enzyme on the surface of the bead.

8.4.3  Other Avenues

Using a technique called emulsion electrospin-
ning an interesting combination of enzymes with 
biomaterials was presented by loading the model 
enzymes HRP and AP into electrospun nanofi-
bers made of Eudragit® L100 (Frizzell et  al. 
2017). Protein activity and loading- efficiency 
were optimised by varying electrospun voltage 
steady, the flow rate and the volume of the aque-
ous phase. By TEM imaging and by using FITC-
BSA as loading material they showed that the 
electrospun nanofibers have a core-shell struc-
ture. Mimicking physiological pH conditions in 
the GI tract they demonstrated that less than 5% 
of the protein is released over 4 h in acidic condi-
tions by the Eudragit® L100 coat. After 1  h at  
pH 6 nearly 100% of the cargo was released. 
They tested for the effect of flow rate and vol%  
of the aqueous phase on retention of enzyme  
stability after electrospinning. While HRP activity 
depended neither on flow rate nor volume of the 
aqueous phase, the activity of AP decreased with 
higher amounts of aqueous phase. By using PVA 
as stabiliser, activity for AP in the 20 vol% for-
mulation could be increased from 60% to 75%. 
To increase the shelf life of this formulation, the 
nanofibers were lyophilised, which resulted in a 
1.5 to 3.2-fold increase in recovery of initial bio-
activity after 7 days of storage.

8.5  Clinical and Pharmaceutical 
Relevance of Enzyme 
Modifications

The oral administration of enzymes is currently 
studied for several GI dispositions, including 
coeliac disease, phenylketonuria and others. The 
administration via the oral route has many 
advantages, including non-invasive application, 
no need for trained personnel and increased 
patient compliance. The clinical use of enzymes 
is already indicated for pancreatic insufficiency, 
lactose and sucrose intolerance. In addition, oral 
administration of PEPs for coeliac disease is 
under investigation (Tack et  al. 2013) with a 
dietary supplement on the market (Tolerase G). 
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Nevertheless, all of these enzymes are unmodi-
fied and studied in their native state. Native, 
unmodified enzymes may easily be inactivated 
in the GI tract, mainly in the stomach and addi-
tional functionalisation strategies should be 
taken advantage of. Table  8.2 summarised the 
current status of engineered oral enzymes that 
are discussed in detail in this chapter.

Current approaches to stabilise enzymes in the 
GI tract and circumvent their inactivation under 
the harsh stomach conditions is by their incorpo-
ration into enteric coated capsules or tablets. 
Their clinical outcome is debatable given that for 
some diseases potentially deleterious compounds 
have to be inactivated in different compartments 
of the GI tract. In coeliac disease, toxic gluten 
needs to be cleaved in the stomach and before 
reaching the upper small intestine. Such enzyme 

activity would not be possible using enteric 
coated formulations. For these reasons, polymer 
conjugation of enzymes offers the possibility to 
engineer and tune enzymatic activity to the 
desired GI section (Fuhrmann et  al. 2013). 
Polymer conjugation offers a broad toolset of 
methodologies to modify enzymes, including 
direct modification on the surface, site- specific 
mutation to introduce reactive groups, protein 
polymer engineering and an extensive chemical 
variability for polymers. Both, clinically accepted 
polymers and new polymers may be applied for 
enzyme modification. When developing these 
enzyme-conjugates there are two major issues to be 
addressed: (i) biocompatibility and toxicity aspects 
of enzyme modifications and polymers, and (ii) 
technological challenges when producing modi-
fied enzymes at larger scale. Biocompatibility 

Table 8.2 Successful engineering strategies for oral enzymes under preclinical evaluation

Oral enzyme Delivery approach Effect References
Lactase Polymer conjugation (PEG) Improved in vitro stability in 

simulated gastric fluids
Turner et al. (2011)

pH-responsive microparticles 
(Eudragit S100)

Improved in vitro stability and 
activity

Kumar et al. (2017)

Buffer-containing hydrogel 
beads (carrageenan)

Protection from acidic conditions Zhang et al. (2017)

Proline-specific 
endopeptidase

Polymer conjugation  
(PEG, PAMAM)

Improved in vivo stability and 
activity

Schulz et al. 
(2015b)

Polymer conjugation (PEG) Improved stability under GI 
conditions, improved substrate 
cleavage

Robic (2007)

α-Chymotrypsin Polymer conjugation (PEG) Decrease of activity, improved 
stability

Rodríguez-Martinez 
et al. (2009)

Polymer conjugation 
(pDMAPS)

Improved substrate affinity and 
stability

Cummings et al. 
(2013)

Polymer conjugation 
(pCBAm, pQA)

Improved in vitro stability under 
gastric conditions

Cummings et al. 
(2017)

Polymer conjugation 
(PDMAEMA)

Improved substrate binding and 
catalytic efficiency

Murata et al. (2013) 

Polymer conjugation NMR based tool to study the 
impact of surface engineering

Liu et al. (2012)

Phenylalanine 
ammonia lyase

Polymer conjugation (PEG) Protection from digestive enzymes Kang et al. (2010)
Enteric coated particles In vitro protection from acidic 

environment
Pancreatic enzymes 
(Pancreatin)

Polymer encapsulation 
(Eudragit L100)

Improved in vivo efficacy Naikwade et al. 
(2009)

Catalase Enteric-coated nanocores 
(HAP)

Improved in vitro stability and 
activity

Parihar et al. (2017)

Hydrogel microspheres  
(HA, CM-chitosan)

Protection from acidic conditions 
and degrading enzymes

Tang et al. (2014)
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evaluations need to be executed first using simple 
and complex cell models, followed by detailed 
in vivo evaluations. During these tests, pharma-
cokinetics of enzymes, stability and activity and 
potential immunogenicity reactions need to be 
studied. A scalable production process is required 
for advanced development of the enzyme-conju-
gates for clinical evaluations. Recombinant bio-
technological production is possibly the way 
forward, as shown from PAL enzymes that have 
already reached clinical testing (Sarkissian et al. 
2008). Further developments of new natural and 
bio-inspired polymers (Liu et al. 2017) will also 
help in developing well-tolerated and efficient 
conjugates with low toxicity. The combination of 
such systems with a triggered responsive release 
may further reduce any potential side-effects and 
could make the enzyme-polymer conjugates 
more selective and specific. Overall, polymer 
engineering of oral enzymes is a powerful tool to 
enhance their stability and activity in the GI tract. 
When bringing forward these systems, close 
cooperation between academic inventive talent 
and industrial expertise in the technological 
implementation will be inevitable.
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Abstract
Cancer treatment has greatly improved over 
the last 50 years, but it remains challenging in 
several cases. Useful therapeutic targets are 
normally unique peculiarities of cancer cells 
that distinguish them from normal cells and 
that can be tackled with appropriate drugs. It 
is now known that cell metabolism is rewired 
during tumorigenesis and metastasis as a con-
sequence of oncogene activation and oncosup-
pressors inactivation, leading to a new cellular 
homeostasis typically directed towards anabo-
lism. Because of these modifications, cells can 
become strongly or absolutely dependent on 
specific substrates, like sugars, lipids or amino 
acids. Cancer addictions are a relevant target 
for therapy, as removal of an essential sub-
strate can lead to their selective cell-cycle 
arrest or even to cell death, leaving normal 
cells untouched. Enzymes can act as powerful 
agents in this respect, as demonstrated by 
asparaginase, which has been included in the 
treatment of Acute Lymphoblastic Leukemia 
for half a century. In this review, a short out-
line of cancer addictions will be provided, 
focusing on the main cancer amino acid 

dependencies described so far. Therapeutic 
enzymes which have been already experi-
mented at the clinical level will be discussed, 
along with novel potential candidates that we 
propose as new promising molecules. The 
intrinsic limitations of their present molecular 
forms, along with molecular engineering solu-
tions to explore, will also be presented.
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ASS Argininosuccinate synthase
ASS Argininosuccinate 

synthetase
ATF4 Activating transcription 

factor 4
ATP Adenosine triphosphate
BBB Blood brain barrier
Bcl-2 B-cell lymphoma 2
BCT-100 Cysteines-mutated and 

PEGylated form of ARGase 
I

BFM Berlin, Frankfurt, Münster
CGL Cystathionine-γ-lyase
FAD Flavin adenine dinucleotide
FAK Focal adhesion kinase
GA Glutaminase-asparaginase
GAC Glutaminase C
GCS Glycine cleavage system
GL Bacterial glutaminase
GLS Mammalian glutaminase
GO Glycine oxidase
GRASPA Erythrocytes encapsulating 

L-asparaginase
KGA Kidney glutaminase
KRAS Kirsten Rat sarcoma virus
Ma-ADI Mycoplasma arginini 

derived ADI
MGL L-methioninase
MTAP Methylthioadenosine 

phosphorylase
mTORC1 Mammalian target of 

rapamycin complex 1
MTR Methionine synthase
MYC and c-MYC Myelocytomatosis gene
NADPH Dihydronicotinamide- 

adenine dinucleotide 
Phosphate

NCI-60 National cancer institute-60 
collection of cancer cell 
lines

Ntn N-terminal nucleophile
OAT Ornithine aminotransferase
OCT Ornithine transcarbamyl 

transferase
P5C Pyrroline-5-carboxylate
P5CS Pyrroline-5-carboxylate 

synthase
PA Plasminogen activator

PEG Polyethylene glycole
PHGDH Phosphoglycerate 

dehydrogenase
PIG-6 p53-induced gene 6
PLP Pyrodoxal phosphate
PN Pyridoxin
PpMGL Pseudomonas putida 

L-methioninase
PRODH/POX Proline oxidase
PSAT-1 Phosphoserine aminotrans-

ferase 1
PSPH Phosphoserine phosphatase
PutA Proline utilization A
PYCR1/2/L Pyrroline-5-carboxylate 

reductase
Raf Rapidly accelerated 

fibrosarcoma
Ras Rat sarcoma
RBC Red blood cell
RNAi RNA interference
ROS Radical oxygen species
RSV-BRL Rous sarcoma virus- 

transformed buffalo-rat 
liver

SAM S-adenosylmethionine
SC Succinimidyl carbamate
SC-PEG Calaspargase pegol
SDH Serine dehydratase
SHMT Serine 

hydroxymethyltransferase
TAT L-tyrosine-2-oxoglutarate 

aminotransferase
TCA Tricarboxylic acid cycle

9.1  Introduction

9.1.1  Cancer and Cancer Therapy

Cancer is the main cause of mortality worldwide, 
with 14.1 million new cancer cases, 8.2 million 
cancer deaths and 32.6 million people living with 
cancer within 5 years of diagnosis (Ferlay et al. 
2015). The number of new cases is expected to 
rise by about 70% to about 22 million over the 
next two decades. Solid tumours deriving from 
epithelia are the most frequently diagnosed and 
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the most difficult to treat: in men, lung, prostate, 
colorectum, stomach, and liver cancers and, in 
women, breast, colorectum, lung, cervix, and 
stomach cancers are the top causes of death 
(Fig. 9.1). In fact, about 23% (59,364) of Phase 
I-III studies listed by ClinicalTrials.gov up to the 
8th January 2017 are related to cancer, demon-
strating a high unmet need for improved treat-
ments (Aggarwal 2010).

Many advances in therapy in the last decades 
have led to a significant improvement in survival 
of patients affected by haematological tumours, 
but the therapy of solid tumours (more than 80% 
of the total) is still challenging (Ferlay et  al. 
2010). Good specificity of therapeutic drugs is 
still to be achieved, so that unacceptable toxicity 
on normal cells is a major drawback, with life- 
threatening side effects hampering treatment. 
Drug resistance selects for clones which survive 
and reiterate the disease either locally or at a dis-
tance from the original tumour, making treatment 
even more challenging and leading patients to 
death.

This review discusses cancer addictions and 
the consolidated or potential role of therapeutic 
enzymes in the removal of cellular metabolic 
substrates. New translational opportunities will 
be presented along with possible solutions to the 
intrinsic limitations of available molecules.

9.1.2  Cancer Metabolism 
and Addictions

9.1.2.1  Cancer Cell Metabolism
After the original observation by Otto Warburg in 
1924 about the enhanced glucose consumption of 
cancer cells by glycolysis even in the presence of 
sufficient oxygen to support oxidative phosphor-
ylation (Warburg effect) (Warburg et  al. 1924), 
cancer metabolism has definitely emerged in the 
last 10  years as a potential target for therapy 
(Galluzzi et al. 2013; Vander Heiden 2011). The 
number of publications releated to this field has 
recently increased to more than 20,000 per year 
(source: PubMed, keywords: “cancer” and 
“metabolism”). It is now known that hyperactiva-
tion of oncogenes or suppression of oncosuppres-
sor genes induce, both directly and indirectly, 
specific metabolic features in cancer cells (“met-
abolic rewiring”) and even production of specific 
metabolites (“oncometabolites”), which are 
related to their need to move from a catabolic to 
an anabolic metabolism in order to produce new 
biomass (Galluzzi et  al. 2013). In many cases, 
this generates a modification in cellular activity, 
providing a molecular signature and a depen-
dency of the neoplasm on the supply of specific 
substrates.

Alterations of several branches of metabolism 
can be associated with malignant transformation, 
generating potential targets for therapy (Galluzzi 
et  al. 2013). Examples of promising metabolic 
targets for therapy include enzymes of Krebs 
cycle, glycolysis, beta-oxidation and mitochon-
drial respiration, but also of lipid biosynthesis 
and of the pentose phosphate pathway (Galluzzi 
et  al. 2013). Agents and approaches include 
mainly small molecules and RNAis aimed at 
blocking the activity or production of these 
enzymes. Their developmental stage is in some 
cases at the preclinical or even clinical level, but, 
in general, the toxicity of small molecule inhibi-
tors and glycolitic pathways redundancy have 
thus far hampered their success (Vander Heiden 
2011; Galluzzi et  al. 2013). Definitely more 
promising seems to be the group of enzyme drugs 
targeting amino acid addictions, whose efficacy 

Fig. 9.1 Cancer incidence and mortality in 2012 (CRUK)
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has already been shown to be a powerful tool in 
several cases.

9.1.2.2  Amino Acid Addictions
There is a massive amount of both clinical and 
experimental data regarding the usage of bacte-
rial Asparaginases (ASNases, Escherichia coli 
and Erwinia carotovora) in the treatment of 
Acute Lymphoblastic Leukaemia (ALL), starting 
from the classical BFM (Berlin, Frankfurt, 
Münster) protocol, introduced by Hansjörg 
Riehm in the 1970s (Covini et al. 2014). ALL is 
indeed dependent on asparagine for survival and 
more recent evidence suggests also on glutamine 
(Chan et al. 2014). The recent case of glutamine 
is particularly relevant, as the vast majority of 
cancer cell lines shows a profound addiction 
towards this amino acid (DeBerardinis et  al. 
2007; Wise and Thompson 2010). These depen-
dences rely on the metabolic modifications 
derived from oncogenic transformation and 

tumour progression. For example, among onco-
genes, MYC activation induces glutamine depen-
dence (Wise et  al. 2008; Gao et  al. 2009) and 
KRAS stimulates glutamine usage through 
mTORC1 activation (Laplante and Sabatini 
2012; Csibi et  al. 2013). Among oncosuppres-
sors, p53 helps in the adaptation of cancer cells to 
serine and glutamine shortage (Reid et al. 2013; 
Maddocks et al. 2013).

Along these lines, new amino acid addictions 
have been, and are being, discovered: arginine, 
serine, glycine, methionine, proline and tyrosine 
have been found to be essential for several tumour 
types, especially solid tumours with very poor 
outcome (Table 9.1).

Specific amino acid dependences can grant 
therapeutic selectivity and provide a good thera-
peutic window. Indeed, in the field of amino acid 
addictions, pre-clinical and clinical work shows 
that enzymes can be used in order to successfully 
remove amino acids and lead cancer cells to 

Table 9.1 Tumour amino acid addictions

Tumour type
Addiction 
substrate Role

Enzymatic activity 
for therapy References

CNS tumours 
(neuroblastoma, 
glioma)

Methionine Biosynthesis of 
GSH and 
polyamines

L-methioninase Cappelletti et al. (2008), 
Carreau et al. (2011), and 
Cavuoto and Fenech (2012)

DNA methylation
ALL Asparagine Protein synthesis Asparaginase Bansal et al. (2012), Cellarier 

et al. (2003), Chan et al. (2014), 
and GRASPA (n.d.)

Ovarian carcinomas Cell cycle 
progressionHon-hodgkin 

lymphoma
Ovarian cancer Glutamine Protein synthesis Glutaminase Chen and Cui (2015), Cluntun 

et al. (2017), and Covini et al. 
(2014)

ALL Amino nitrogen 
transporterHepatoma

Melanoma Arginine NO synthesis L-arginine 
deiminase

CRUK (n.d.), Csibi et al. 
(2013), Das et al. (2004), 
Deberardinis et al. (2007), and 
Ding et al. (2017)

Hepatocellular 
carcinoma
Small cell lung 
carcinoma
Pancreatic 
carcinomas
Breast cancer Glycine Purine synthesis Glycine deoxidase Douce et al. (2001)
Breast cancer Serine Glutamine 

synthesis
Serine deaminase Dufour et al. (2012)

Prostate cancer Proline Glutamine 
synthesis

Proline 
dehydrogenase

El-Sayed (2010) and Elia et al. 
(2017)Burkitt lymphoma

Melanoma Tyrosine Melanin and 
hormones 
synthesis

Tyrosine 
transaminase

Equar et al. (2015) and Ferlay 
et al. (2010)Prostate cancer Phenylalanine
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death (Cantor et  al. 2012). Most of the times, 
however, like in the case of ASNase, non-human 
enzymes, typically of bacterial origin, need to be 
adopted because of their superior efficiency.

9.1.2.3  Clinical Trials
The number of clinical trials (source: 
Clinicaltrials.gov) based on enzymes able to 
deplete the amino acids listed in Table 9.1 shows 
the situation reported in Table 9.2. It is clear the 
predominance of asparaginase-based studies 
(243) and the relevant number of those involving 
arginine deiminase and arginase (27). In the case 
of asparaginase, most investigations (87.8% of 
total trials) involve administration of the E. coli 
native (44.4%) or PEGylated (43.4%) form, or 
encapsulated in red blood cells (GRASPA, n.d., 
3.7%). The E. chrysanthemi enzymes in their 
native (8.8%) or PEGylated (1.4%) form are the 
second main group of drugs used. Of interest the 
fact that a clinical trial (NCT01574274) regard-
ing the comparison of Oncaspar with a new mod-
ified form of asparaginase (Calaspargase Pegol, 
SC-PEG) is under way. Calaspargase pegol 
(SC-PEG) replaces the SS linker in SS-PEG with 
a succinimidyl carbamate (SC) linker, creating a 
more stable PEGylated asparaginase molecule 
(Angiolillo et  al. 2014). For arginine depletion, 
the two enzymes used (arginase and arginine 
deiminase) are being tested either in their native 
or PEGylated form.

The fact that other enzymes do not meet clini-
cal interest at the moment likely reflects either 
previous unsuccessful attempts (see methioni-
nase and glutaminase below) or the need to re- 
address the molecular and structural biology of 
the existing ones.

In this review, enzymes able to tackle amino 
acid addictions will be described. Along with 

molecules which have already been substantially 
experimented, new potential candidates will be 
proposed because of their specific features and 
targets.

9.2 Enzymatic activities

9.2.1  L-Asparaginase

L-asparagine is a non-essential amino acid with a 
relevant role in glycoproteins synthesis. It is also 
a secondary non-toxic ammonia carrier. In mam-
mals, de novo synthesis of asparagine is catalyzed 
by asparagine synthetase (EC 6.3.5.4, ASNS), an 
ATP dependent amido-ligase that transfers the 
ammonia group from the glutamine donor to the 
aspartate acceptor to form asparagine and gluta-
mate. In humans, ASNS expression is regulated 
by the amino acid and unfolded protein response 
mechanisms through increased levels of ATF4 
(Sukhani and Umerah 1978). Given the “stress-
related” expression of ASNS, its expression lev-
els in different tissues vary. The relevance of 
exogenous asparagine supply for the proliferation 
and survival of lymphoma has been highlighted 
in the early 1950s of the last century when the use 
of guinea pig serum containing asparagine 
degrading enzyme had cytotoxic effect on lym-
phoma transplanted mice (Kidd 1953; Broome 
1968). Guinea pig L-asparaginase (EC 3.5.1.1, 
ASNase) was identified as the asparagine degrad-
ing enzyme responsible for the observed cyto-
toxic effect and, since then, several studies have 
been performed on ASNases of different origins, 
with a particular interest in bacteria- derived ones 
(Zuo et al. 2015; Batool et al. 2016; Kotzia and 
Labrou 2007; Warangkar and Khobragade 2010; 
Bansal et  al. 2012; Law and Wriston 1971; 
Pokrovskaya et al. 2012; Han et al. 2014; Maggi 
et  al. 2015; Cappelletti et  al. 2008; Moreno-
Enriquez et al. 2012; Lubkowski et al. 1996).

ASNases (Fig.  9.2) are amidohydrolases 
which primarily catalyze the deamination of 
L-asparagine to L-aspartate releasing ammonia. 
With lower efficiency, ASNases are also capable 
of hydrolyzing L-glutamine to L-glutamate and 
ammonia. Bacteria can express two types of 

Table 9.2 Number of ongoing clinical trials testing anti- 
cancer enzymes. (Source: Clinicaltrials.gov)

Enzyme drug Clinical trials (total number)
Asparaginase 243
Arginine deiminase 18
Arginase 9

The table reports only cancer-related trials where enzymes 
are used

9 Enzymes in Metabolic Anticancer Therapy
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L-Asparaginase: type I and type II.  Type I 
L-ASNases are cytoplasmatic, constitutively 
expressed proteins. Kinetically, type I L-ASNases 
can carry out both L-asparagine and L-glutamine 
hydrolysis with higher efficiency for the former 
substrate. They show a cooperative behavior vs. 
asparagine with a low affinity (Km in the order of 
mM) and a hyperbolic kinetics vs. glutamine. 
Type II L-ASNases are periplasmic proteins 
expressed only in nutrient and oxygen stress con-
ditions. Enzymes belonging to this class have a 
hyperbolic kinetics towards both substrates and 
they have a high affinity vs. asparagine (Km in 
the order of μM) and low to negligible activity 
towards glutamine (Michalska and Jaskolski 
2006). Only type II L-ASNases have anti-cancer 
activity (Michalska and Jaskolski 2006). The 
enzyme reaction consists of two nucleophilic 
attacks involving two highly conserved catalytic 
triads (typically Thr-Lys-Asp and Thr-Tyr-Glu) 
in which two threonines play the main role. The 
enzyme reaction starts with a nucleophilic attack 
on the substrate amide C-atom operated by the 
first nucleophilic threonine, forming an acyl- 
intermediate and releasing a molecule of NH3. 
The second step consists in a nucleophilic attack 
on the ester C atom of the product amide oper-
ated by a water molecule activated by the second 
triad, and results in the solving of the enzyme 
acyl-intermediate and in the release of the acid 
counterpart of the substrate (Lubkowski et  al. 
1994; Michalska and Jaskolski 2006).

Two bacterial ASNases are presently used in 
the clinics as drug for the treatment of pediatric 
Acute Lymphoblastic Leukemia (ALL). Both are 
type II asparaginases derived from E. coli and 
Erwinia chrysanthemi. The former, in its native 
(namely, Kidrolase and Spectrila) or PEGylated 
form (Oncaspar), has been used for more than 
five decades as first line drug for the treatment of 
ALL; E. chrysanthemi ASNase (Erwinase) is 
used as a second line drug in case of allergic reac-
tion to Kidrolase and/or Oncaspar. The enzyme 
derived from E. coli has pronounced asparagi-
nase activity and low glutaminase activity; 
Erwinase, at comparable asparaginase activity, 
has higher glutaminolytic activity if compared to 
Kidrolase and Oncaspar. On the other hand, the 
enzyme derived from E. chrystanthemi shows 
very poor stability in the blood stream if com-
pared mainly to Oncaspar (6–16  h vs. 6  days, 
respectively and according to manufacturers 
data) and for this reason the former drug is pre-
ferred as a first therapeutic approach.

Treatment of ALL using ASNase in combina-
tion with vincristine and steroids, as established 
by the BFM protocol, is routinely used in the 
clinics worldwide and has an impressive success 
rate of roughly 90% 5-years survival in pediatric 
patients (Avramis and Panosyan 2005; Bhojwani 
et al. 2009). The drug efficacy is strictly linked to 
the incapability of leukemia cells to produce 
ASNS, the only enzyme capable of de novo 
asparagine synthesis. Interestingly, Su et  al. 

Fig. 9.2 L-asparaginase (ASNase): enzymatic reaction 
scheme (left) and molecular structure (right). The biologi-
cal unit (tetrameric) structure (PDB ID: 3ECA) is repre-

sented as ribbons, colored by chain (red, blue, yellow and 
light blue), and surface (light grey)
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(2008) proved that asparaginase resistance 
 mediated by ASNS expression correlates directly 
with ASNS protein content and not with coding 
mRNAs, suggesting that ASNS mRNA instabil-
ity can be a mechanism of poor synthetase levels 
in cells sensitive to ASNase. In such class of can-
cer cells, asparaginase-mediated removal of the 
exogenous supply of the non-essential amino 
acid cannot be counteracted, causing protein syn-
thesis inhibition through the mTOR pathway, cell 
cycle arrest and eventually cell death. Moreover, 
the secondary glutaminase activity of the enzyme 
is essential in favoring the drug effect in leuke-
mia cells that express low levels of ASNS by 
removing the synthetase amino group donor glu-
tamine. Glutaminase activity of asparaginases is 
a matter of discussion in the scientific commu-
nity. Historically, it has been considered the main 
cause of the drug metabolic side effects, but 
recently its role in the drug efficacy has been re- 
evaluated and great importance has been given to 
concomitant asparagine and glutamine removal 
to counteract cancer cells resistance to treatment 
(Reinert et  al. 2006; Chan et  al. 2014; Maggi 
et al. 2015).

Given ASNases success in the treatment of 
pediatric ALL, the drug efficacy has been tested 
on several other tumours. Haematological malig-
nancies that have shown sensitivity, though 
inconsistent, to L-ASNase-based treatment com-
prise acute myeloblastic leukemia, Hodgkin and 
non-Hodgkin lymphomas, myelosarcoma, 
myeloma, and the highly aggressive extranodal 
NK/T cell nasal type lymphoma (Willems et al. 
2013; Perel et al. 2002; Yamaguchi et al. 2011). 
The most promising results on solid tumours 
have been obtained in in vitro and in vivo experi-
mental models of pancreatic carcinoma, a cancer 
that is characterized by low to negligible expres-
sion of ASNS and, which, therefore, is sensitive 
to the asparaginase anti-proliferative mechanism 
(Dufour et al. 2012). Another solid tumour that 
shows in  vitro sensitivity to ASNase is ovarian 
cancer, very likely because of the low expression 
levels of ASNS (Lorenzi et al. 2006, 2008).

Beside ASNS expression levels, also ATF4 is 
a good indicator of cancer cells sensitivity to 
ASNases: ATF4-deficient cells are strongly 

dependent on external asparagine supply as con-
firmed by in culture starvation experiments (Ye 
et al. 2010). ATF-4 is downstream in the amino 
acid response pathway and directly controls the 
expression of ASNS.

One of the main problems for the use of 
ASNase for the treatment of cancer in adult 
patients is its high immunogenicity that is linked 
to its bacterial origin and is more marked in the 
adult with respect to children. Recently, a less 
immunogenic and more stable formulation of 
ASNase has been tested with a positive outcome 
in adult pancreatic cancer patients, providing 
promising grounds for the use of ASNases as a 
new therapeutic strategy for pancreatic carci-
noma (Dufour et al. 2012). This new formulation, 
namely GRASPA (n.d.), consists in the use of 
patient- derived red blood cells (RBCs) as a car-
rier for the drug, a strategy that is successful in 
reducing the host immune system exposure and, 
in turn, the reaction to the exogenous protein. An 
alternative strategy is chemical PEGylation of E. 
coli and E. chrysanthemi ASNases; the former is 
routinely used in the clinics and the latter has 
been tested in phase II clinical trials.

Finding a suitable asparagine-degrading 
enzyme of human origin would be the best solu-
tion to overcome immunogenicity of the drug. In 
humans, three asparagine-lytic enzymes have 
been identified: the 60  kDa lysophospholipase 
(EC 3.1.1.5), that can carry out both asparagine 
and lysophospholipids hydrolysis (Karamitros 
and Konrad 2014); the aspartylglucosaminidase 
(EC 3.5.1.26, AGA), a lysosomal enzyme that 
cleaves the amide bond between asparagine and 
N-acetylglucosamine in glycoproteins 
(Heiskanen et al. 1994); and the human β-aspartyl 
peptidase/L-asparaginase (EC 3.4.19.5, ASRLG1 
(Nomme et al. 2014)).

The 60 kDa lysophospholipase has homology 
with bacterial type I and type II L-asparaginases 
in its N-domain; AGA and ASRLG1 are instead 
similar to type III L-asparaginases, a class of 
ASNases that is typically found in plants and is 
expressed as pro-enzymes belonging to the fam-
ily of N-terminal nucleophile (Ntn) hydrolases. 
Type III asparaginases active form consists of 
two subunits (e.g., α and β) generated by 

9 Enzymes in Metabolic Anticancer Therapy



180

 autoproteolytic cleavage that exposes catalytic 
threonines (Michalska and Jaskolski 2006).

Three are the main problems to be faced in 
order to consider clinical application of all three 
human enzymes: (i) secondary activities, (ii) 
need of activation for AGA and ASRGL1, and 
(iii) low affinity towards asparagine. Another 
issue to be considered is the lack of glutaminase 
activity that is, instead, becoming more and more 
relevant for the full therapeutic effect of asparagi-
nases in some classes of leukemia. To our knowl-
edge, several engineering studies are being 
undertaken in order to make human asparagine- 
degrading enzymes suitable for clinical applica-
tion (Park et  al. 1996; Tikkanen et  al. 1996; 
Saarela et al. 1998, 2004a, b; Cantor et al. 2009; 
Hirano et al. 2009).

9.2.2  Arginine-Degrading Enzymes

Arginine is a conditionally essential amino acid, 
meaning that its endogenous production in nor-
mal conditions is sufficient to fulfill the organism 
metabolic demand, but in catabolic stress condi-
tions the demand increases to such a level that 
endogenous production is not sufficient anymore 
(Fernandes et al. 2017; Morris et al. 2017). Cancer 
cells can become highly dependent on the extra-
cellular supply of arginine, which is a key mole-
cule in several pathways involved in metabolism, 
immunological response, neuro-signaling and 
stress-response (Wu and Morris 1998; Morris 
2007). De novo synthesis of arginine is catalyzed 
in a two-step reaction by argininosuccinate syn-
thase (EC 6.3.4.5, ASS) and argininosuccinate 
lyase (EC EC 4.3.2.1, ASL). ASS and/or ALS 
deficiency has been identified in several cancer 
cell lines dependent on arginine; among them car-
cinomas are the most represented tumours 
together with metastatic melanoma, Hodgkin’s 
and non-Hodgkin’s lymphoma, osteosarcoma and 
premyelocytic leukemia (Fernandes et al. 2017).

Arginine biosynthesis can also be obtained by 
the activation of a salvage pathway in which argi-
nine is synthesized by ornithine transcarbamyl 
transferase (EC 2.1.3.6, OCT). OCT synthesis is 
typically downregolated in epithelial cells of dif-

ferent origin, therefore several tumours derived 
from epithelial tissues lack the arginine salvage 
pathway (Bobak et al. 2010).

Tumour cells deficient in ASS or OCT are 
auxotrophic for arginine, thus, targeting of its 
exogenous supply can be a suitable strategy for 
selective tumour cells killing. Out of the five 
enzymes capable of degrading arginine, three 
have been extensively investigated for their cyto-
toxic activity: L-Arginine decarboxylase (EC 
4.1.1.19, ADC, Fig. 9.3), L-Arginase (EC 3.5.3.1, 
ARGase, Fig. 9.4), and arginine deiminase (EC 
3.5.3.6, ADI, Fig. 9.5).

Beside plants and bacteria, ADC is also found 
in Mammals, where its expression is tissue spe-
cific (i.e., liver and brain membranes). Human 
recombinant ADC has very high catalytic effi-
ciency and affinity towards arginine, characteris-
tics that make this enzyme an ideal candidate for 
enzymatic arginine deprivation. Unfortunately, 
the main product of ADC catalysis, agmantine, 
has strong cytotoxicity on healthy tissues if pres-
ent in high doses in the extracellular space. 
Agmantine main physiological role is to regulate 
polyamines metabolism by increasing their catab-
olism, affecting in turn cell cycle progression. 
Actually, in  vitro experiments using human 
recombinant ADC show that it has cytotoxic 
activity on several cancer cell lines, but its activity 
impairs also normal cells proliferation causing 
cell cycle arrest in G1/S and eventually cell death 
(Wheatley and Campbell 2002; Philip et al. 2003).

ARGase is a binuclear Mn2+ amidinohydro-
lase that catalyzes the conversion of L-Arg into 
L-ornithine and urea. In humans, two isoforms 
have been identified: hARGase I, a cytosolic 
enzyme present only in liver and involved in urea 
cycle; hARGase II, a mitochondrial enzyme 
found in all tissues (Morris et  al. 1997) and 
involved in mithocondrial synthesis of proline 
and glutamine (Patil et al. 2016). Isoform I main 
interest is arginase-starving agent for cancer ther-
apy. The enzyme has mM affinity for arginine 
and a pH optimum of 9.3 (Glazer et  al. 2011). 
The functional protein is an oligomer of 107 kDa 
characterized by the presence of a manganese 
binding cluster and a C-terminal S-shaped tail 
that is involved in inter-monomers  interactions. 
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Upon substrate binding to the catalytic pocket 
through interactions with Mn2+, Arg undergoes a 
nucleophilic attack on the Cζ (step 1); subse-
quently, Asp128 operates an acidic protonation 
on the Nε nitrogen of the substrate (step 2) that 
causes the bond break with the Cζ resulting in the 
formation of ornithine and urea (step 3); the urea 
product is then released by the formation of a 
bridge between a water molecule and the Mn2+ 
(step 4); ornithine release from the active site is 
mediated by His141 resulting in the regeneration 
of the nucleophilic metal bringing a hydroxide 
anion (step 5) (Fernandes et al. 2017).

Human ARGase I has been tested on a variety 
of cancer cell lines and in animal models since 

1950, but has showed some limitations for clini-
cal application due to its catalytic properties 
(high Km at physiological pH), the requirement 
of Mn2+ for activity and its poor stability in vivo 
(Fung and Chan 2017). Engineered forms of the 
enzyme have allowed to improve on the drug 
limitations. Particularly, development of a cyste-
ines-mutated and PEGylated form of ARGase I 
(namely, BCT-100) was successful in increasing 
the enzyme in  vivo stability and, at the same 
time, in improving its catalytic properties 
(Fultang et  al. 2016). Another mutated form of 
PEGylated ARGase I has been described and 
shows higher affinity for Co2+ than Mn2+ as a 
divalent ion co-factor and improved catalytic 

Fig. 9.3 Arginine decarboxylase (ADC): enzymatic reac-
tion scheme (left) and molecular structure (right). The 
biological unit structure (PDB ID: 2VYC) is represented 

as ribbons, colored by chain (red, blue, green, pink and 
cyan), and surface (light grey)

Fig. 9.4 Arginase I (ARGase I): enzymatic reaction scheme (left) and molecular structure (right). The biological unit 
structure (PDB ID: 4FCI) is represented as ribbons, colored by chain (red, blue and green), and surface (light grey)
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properties at physiological pH (Tanios et  al. 
2013). The former modified ARGase I showed 
high toxicity on non-cancerous cells, a character-
istic that has discouraged further studies for its 
clinical application (Agrawal et al. 2014; Khoury 
et al. 2015). BCT-100, instead, has been tested in 
several in vitro and in vivo models showing effi-
cacy in reducing cancer cells growth mainly on 
leukemia and HCC models.

Another enzyme capable of catabolizing argi-
nine is the procaryote derived arginine deiminase 
(ADI). The enzyme breaks down L-Arg into 
L-citrulline and ammonia and has μM affinity for 
Arg. The most extensively studied form of ADI is 
the one derived from Mycoplasma arginini 
(Ma-ADI), but several microbial sources of ADI 
have been described in the literature (Han et al. 
2016). Ma-ADI is a homodimer of 90 kDa, and 
the enzyme can structurally acquire two confor-
mations: an open one (apo-enzyme) and a closed 
one (enzyme-substrate complex). Upon substrate 
binding, in the closed conformation, a solvent 
channel is formed on the binding pocket to allow 
water access. The enzyme catalytic mechanism 
involves a conserved Cys-His-Glu triad and con-
sists of two nucleophilic attacks: the first one is 
operated on the substrate Cζ by the activated sul-
fur of the thiol group of the catalytic Cys and 
results in the release of ammonia and formation 
of a reaction intermediate with L-citrulline cova-
lently bound to the enzyme Cys. The intermedi-
ate is resolved by the second nucleophilic attack, 

again on the substrate Cζ, operated by a water 
molecule activated by the catalytic His and Glu. 
Following the second nucleophilic attack, the 
C-S covalent bond is cleaved and the L-citrulline 
product is released (Das et al. 2004).

Ma-ADI anti-cancer activity was first observed 
on Rous sarcoma virus-transformed buffalo-rat 
liver (RSV-BRL) (Miyazaki et al. 1990), and then 
confirmed on several other cancer cell lines defi-
cient on argininosuccinate synthetase (ASS) 
(Patil et al. 2016; Fung and Chan 2017). In vivo 
studies highlighted the poor stability of the native 
enzyme, therefore further pre-clinical and clini-
cal studies have been performed using a 
PEGylated form of the enzyme that showed 
higher stability in vivo and reduced immunoge-
nicity with preserved catalytic and anti-cancer 
activities, and promising results for the treatment 
of HCC and melanomas (Miyazaki et al. 1990).

ARGase and ADI anti-cancer activity mecha-
nism has not been fully revealed yet. In general, 
deprivation of amino acids leads to the activation 
of stress responses enhancing pro-survival 
authophagy and reducing protein synthesis. 
Cancer cells unable to produce endogenous Arg 
by the de novo (e.g., cancer cells deficient for 
ASS and/or ALS) or salvage pathways (e.g., can-
cer cells deficient for OCT) stay in a prolonged 
stress condition that eventually results in growth 
arrest and activation of pro-death pathways 
(Fultang et  al. 2016). Arginine is also the only 
source of nitric oxide (NO) that, beside 

Fig. 9.5 Arginine deiminase (ADI): reaction scheme (left) and molecular structure (right). The biological unit structure 
(PDB ID: 1LXY) is represented as ribbons, colored by chain (red and blue), and surface (light grey)
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 pro- inflammatory activity, is involved in tumour 
growth, mainly favoring adhesion and angiogen-
esis (Fukumura et al. 2006; Carreau et al. 2011). 
Solid tumours are well known to stimulate angio-
genesis in order to sustain mass growth. Absence 
of arginine is related to poor angiogenesis that in 
turn causes tumour mass growth inhibition and, 
eventually, reduction due to hypoxia and poor 
metabolites supply (Patil et al. 2016).

9.2.3  L-Methioninase

In mammalian cells, the essential amino acid 
methionine plays several roles in cell metabolism 
and proliferation, of which three are the main 
ones: protein synthesis, biosynthesis of poly-
amines, and DNA methylation (Cavuoto and 
Fenech 2012). Indeed, S-adenosylmethionine 
(SAM), a derivative of methionine, is the primary 
methyl donor for DNA epigenetic modifications 
involved in gene expression regulation (Bleich 
et al. 2014). Upon methylation, SAM is converted 
into S-adenosylhomocystein (Sahu et  al. 2016) 
that is promptly hydrolyzed to homocystein (Hcy) 
that, in turn, can be re-converted into methionine 
via the methionine de novo pathway in which 
methionine synthase (EC 2.1.1.13, MTR) plays 
the main role (Sharma et al. 2014). Beside the de 
novo pathway, methionine can be recovered by a 
salvage pathway in which methionine is gener-

ated by methylthioadenosine phosphorylase (EC 
24.2.28, MTAP) (Sato and Nozaki 2009).

The first evidences of cancer cells dependency 
on methionine derive from starvation experi-
ments in rodents transplated with Walker-256 
carcinosarcoma cells (Sugimura et  al. 1959). 
Afterwards, several tumoural cell lines have been 
treated with microbial L-methioninases and 
described as strongly dependent on the extracel-
lular supply of methionine for survival and pro-
liferation. Among them, central nervous system 
(CNS) tumours are the most represented together 
with other solid tumours (Fernandes et al. 2017).

L-methioninase (EC 4.4.1.11, MGL, Fig. 9.6) 
is a pyrodoxal phosphate (PLP) dependent 
γ-lyase found in all living organisms except 
mammals (Sharma et  al. 2014). The enzyme 
catalyses the cleavage of methionine into meth-
anethiol, α-ketobutyrate and ammonia. Bacterial 
MGLs, the most characterized and studied form 
of MGLs, are generally cytosolic homotetramers 
of molecular weight ranging from 149 to 173 kDa 
(Nakayama et al. 1984). Most of microbial MGLs 
show Km towards methionine in the mM range 
(El-Sayed 2010), with the exception of 
Aspergillus Rs-1a enzyme that shows a μM affin-
ity for the substrate (Ruiz-Herrera and Starkey 
1969). Microbial MGLs can catabolize other 
amino acids or amino acids-derived molecules 
like L-homocysteine, L-ethionine, 
L-selenomethionine, L-cystein, 

Fig. 9.6 L-Methioninase (MGL): enzymatic reaction 
scheme (left) and molecular structure (right). The biologi-
cal unit structure (PDB ID: 5X2V) is represented as rib-

bons, colored by chain (red, yellow, blue and cyan), and 
surface (light grey)
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 S-methyl-L- cystein, homoserine, and 
L-vinylglycine (Sato and Nozaki 2009).

Pseudomonas putida L-methioninase 
(PpMGL) is the most extensively characterized 
microbial MGL and several papers have been 
published on its in vitro and in vivo anti-cancer 
activity (Tan et  al. 1996; Yoshioka et  al. 1998; 
Motoshima et al. 2000; Kudou et al. 2007, 2008; 
Fukumoto et  al. 2012; Hoffman 2015). 
Structurally, PpMGL is a homotetramer, each 
monomer consisting of one N-terminal domain, 
two PLP binding domains and one C-domain. 
The enzyme functional unit consists of a dimer- 
dimer association and has four active sites. 
Structural and mutational analysis of PpMGL 
revealed the essential role of the Cys116 in sub-
strate binding, a characteristic that distinguishes 
MGLs from other PLP-γ-family enzymes.

The general MGL catalytic mechanism is con-
sistent with the one described for the PLP-γ- 
family of enzymes and consists of five steps: in 
the first two steps, L-Met is covalently associated 
to PLP through its amino acid primary amine, the 
association of methionine to PLP causes the 
cleavage of covalent bonds between the cofactor 
and the enzyme Lys residue (step 1) and the sub-
strate α- and β-hydrogens are then transferred to 
PLP (step 2) forming an external aldimine; next, 
the methanethiol group is eliminated by the 
acidic attack of a tyrosine residue (steps 3 and 4); 
finally, the enzyme-product complex is resolved 
by the release of α-ketobutyrate and ammonia 
from PLP (step 5) (Sato and Nozaki 2009).

Methionine starvation causes cell cycle arrest 
in the S/G2 phase that eventually results in cell 
death. Moreover, in  vivo experiments using 
PpMGL alone or in combination with other che-
motherapeutics like vincristine, 5-fluorouracil, 
and cisplatin, proved the efficacy of the drug as 
an antiproliferative agent with great potential for 
cancer therapy (Cellarier et  al. 2003; Cavuoto 
and Fenech 2012; Sharma et al. 2014; Fernandes 
et  al. 2017). Experimental evidences did not 
point to a specific mechanism underneath tumour 
cells dependency on methionine. Deficiency of 
proteins involved in the methionine de novo and/
or salvage pathways is one of the possible mech-
anism involved in cancer cell inability to produce 
endogenous methionine, but it cannot be the only 

explanatory mechanism as some cancer cells 
dependent on methionine can produce normal 
amounts of it if cultured in the presence of homo-
cystein. Therefore, it is hypothesized that cancer 
cells addiction to methionine depends on the 
huge demand of the essential amino acid more 
than on their incapability to produce it endoge-
nously. Moreover, it has been reported that 
endogenous methionine is preferentially used for 
protein synthesis rather than for DNA methyla-
tion or polyamines synthesis (Martínez et  al. 
2017). Because of this, it can be stated that 
tumour cell lines dependent on methionine dis-
play a high demand of the amino acid more than 
an incapability to produce it and, in turn, can be 
defined as methionine-auxotrophic.

Besides mediating methionine-dependent 
tumour cells death, MGL can be useful also for 
the treatment of other solid tumours as a specific 
activator of the pro-drug selenomethionine. 
Indeed, MGL can use selenomethionine to pro-
duce methylselenol that catalyzes oxidation of 
thiols generating pro-apoptotic superoxides 
(Wang et al. 2002; Zhao et al. 2006; Kim et al. 
2007; Park et  al. 2007; Van Rite et  al. 2013; 
Guillen et al. 2014). For such an application, tar-
geting of MGL on to cancer is essential to reduce 
systemic toxicity. Two approaches in such a 
direction have been tried so far: targeting of MGL 
on tumour vasculature by fusion with annexin V, 
in order to localize the pro-drug activator only on 
the tumour mass (Van Rite et  al. 2013); and 
tumour cells transfection with a viral construct 
encoding for MGL in order to obtain expression 
of the enzyme only in the cytosol of malignant 
cells (Miki et  al. 2001; Yamamoto et  al. 2003; 
Gupta et al. 2003).

Use of recombinant PpMGL in the clinics has 
been attempted (Hoffman 2015), but the drug 
presents some limitations mainly linked to its 
instability in the blood stream and to its immuno-
genicity (Stone et al. 2012). An attempt to over-
come such limitations has been done by 
covalently binding the protein to polyethylene 
glycol (PEG-MGL), a strategy that was success-
ful in increasing the drug half life (Yang et  al. 
2004a, b; Hoffman 2003). As an alternative 
 strategy, MGL has been loaded into red blood 
cells (Gay et  al. 2017). The system has been 
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tested in in vivo models with promising results 
for increasing the drug half life. Microbial MGLs 
are strongly dependent on PLP for activity, but 
the availability of the cofactor in the blood stream 
is limited because of its prompt assimilation and 
degradation. Simultaneous loading of MGL and 
pyridoxin (PN) on RBCs can also overcome this 
limitation as erythrocytes are known as a PLP 
source and they can process its PN precursor effi-
ciently, thus providing MGL with its cofactor.

Another route has been taken to improve MGL 
efficacy: engineering of primate and human 
MGL-structural homologous cystathionine-γ- 
lyase (CGL) in order to endow the mammalian 
enzyme with methioninase activity. The engi-
neering of both human and primate CGL has 
been successful and the new molecules cytotoxic 
activity has been proved in both in  vitro and 
in vivo models (Stone et al.; Tan et al. 1996).

9.2.4  L-Glutaminase

L-glutamine is a key amino acid involved in sev-
eral metabolic and energetic pathways, moreover 
it is the main nitrogen transporter and the more 
abundant amino acid in mammals (Covini et al. 
2014). Glutamine is a conditionally essential 
amino acid, in fact, even though cells can pro-
duce it, the demand of the amino acid during 
rapid proliferation increases to such a level that 
exogenous uptake is necessary to provide suffi-
cient supply of the precursor for many energetic 
and metabolic reactions. Studies on cancer cell 
metabolism have lead to discover that many 
mutations on oncogenes or tumour suppressor 
genes increase the expression of proteins involved 
in glutamine metabolism and uptake, suggesting 
a strong correlation between glutamine supply 
and tumour proliferation (Cluntun et  al. 2017). 
Further, it is well known that cancer cells in cul-
ture need addition of glutamine to survive and 
proliferate (Chen and Cui 2015). All these evi-
dences point to a basal auxotrophy of cancer cells 
for glutamine, a characteristic independent from 
mutations involving expression of proteins 
related to the amino acid endogenous production. 
The essential role of glutamine for cell prolifera-
tion and metabolism can be linked to its utiliza-

tion as a precursor for amino acids, nucleotides, 
the NADPH cofactor, and glutathione. Moreover, 
during cell proliferation, glutamine serves as an 
anaplerotic substrate to allow replenishment of 
the TCA cycle. Indeed, during proliferation, a 
large part of glutamine is uptaken in the cell 
mitochondria where it is converted into gluta-
mate and ammonia by glutaminase (GLS). The 
obtained glutamate is then converted through a 
second deamination into α-ketoglutarate, a TCA 
cycle intermediate that becomes essential for the 
cell cycle progression during proliferation as 
citrate is shifted outside the mitochondrion to 
produce acetyl-CoA for lipid biosynthesis.

Given glutamine key energetic and biosyn-
thetic role for cancer development, glutamine 
deprivation has become a hot topic for metabolic 
cancer therapy.

Mammals express two isoforms of glutamin-
ase (EC 3.5.1.2), GLS1 and GLS2. GLS1 is 
found in two splicing isoforms, KGA and GAC, 
that are expressed in different tissues, being KGA 
predominant in the kidney. GLS2 is also known 
as liver glutaminase for its main organ of expres-
sion. Both isoforms are phosphate-dependent 
mitochondrial enzymes involved in glutamine 
catabolism and several evidences have shown 
that GLS1 is mainly over-expressed in cancers, 
favoring tumour growth (Chen and Cui 2015). 
Human GLSs have millimolar affinity for Gln 
and low catalytic efficiency if compared to micro-
bial glutaminases. A mitochondria-isolated KGA 
has been reported to be effective for tumour bur-
den reduction in mice bringing ascitic and solid 
tumours (Maity et al. 1999).

More extensive studies on glutaminase anti- 
cancer activity have been conducted on microbial- 
derived enzymes (Nandakumar et al. 2003). Two 
types of glutaminases are found in microorgan-
isms: true glutaminase (EC 3.5.1.2, GL, Fig. 9.7) 
and glutaminase-asparaginase (EC 3.5.1.38, GA, 
Fig. 9.8). The two classes of enzymes differ for 
substrate specificity and affinity: GLs are highly 
specific for glutamine as a substrate and catalyze 
its conversion to glutamate and ammonia with a 
millimolar affinity for the substrate; GAs, beside 
converting glutamine into glutamate and 
 ammonia, are also capable of converting aspara-
gine into aspartate and ammonia with similar 
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efficiency and μM affinity for both substrates 
(Nandakumar et al. 2003).

GLs catalytic mechanism is similar to the one 
of chymotrypsin and consists of a two-step 
acylation- deacylation: in the first step, a 
γ-glutamyl intermediate is formed between the 
substrate and the Oγ of the primary catalytic ser-
ine in the active site, and, upon intermediate for-
mation, the product (ammonium) is released; the 
glutamyl-intermediate is then resolved by a sec-

ond nucleophilic attack operated by a water mol-
ecule activated by a Glu or Tyr residue in the 
catalytic pocket and the glutamate product is 
released (Brown et  al. 2008). Pseudomonas 7A 
glutaminase-asparaginase crystal structure 
revealed that for this class of enzyme the first 
nucleophilic attack on the amide carbon of gluta-
mine is operated by the nucleophilic Thr34 
(instead of a Ser) activated by Tyr34 and Glu294. 
The resulting acyl-intermediated is resolved by a 

Fig. 9.7 Glutaminase (GL): enzymatic reaction scheme (left) and molecular structure (right). The biological unit struc-
ture (PDB ID: 3AGF) is represented as ribbons, colored by chain (red, yellow, cyan and blue), and surface (light grey)

Fig. 9.8 Glutaminase/Asparaginase (GA): enzymatic 
reaction scheme (left) and molecular structure (right). The 
biological unit structure (PDB ID: 4PGA) is represented 

as ribbons, colored by chain (red, blue, cyan and yellow), 
and surface (light grey)
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water molecule activated by Thr100, Asp101 and 
Lys173 (Lubkowski et  al. 1994). The residues 
involved in the catalytic mechanism are divided 
into two catalytic triads, corresponding to the 
ones described for true asparaginases (EC 
3.5.1.1) as described in the previous section.

GLs and GAs from different microbial sources 
have been tested for their cytotoxic activity on 
ascitis and solid tumours both in in  vitro and 
in vivo experimental models (Riley et al. 1974; 
Roberts et  al. 1970). Pure glutaminases did not 
result effective in inhibiting tumour growth and 
proliferation both in vitro and in vivo, very likely 
because of the enzyme poor stability and high 
Km (Riley et al. 1974; Roberts et al. 1970). Quite 
promising results have been obtained, instead, 
using GA from Acinobacter glutaminasificans, 
Achromobacter sp. and Pseudomonas 7A; all 
three enzymes have been tested in patients in 
Phase I clinical trials, but none of them was capa-
ble of inducing full or partial remission both in 
adult and pediatric patients and, more relevant, 
therapy was accompanied by several side effects 
mainly affecting the central nervous system 
(Warrell et  al. 1980, 1982; Riley et  al. 1974; 
Roberts et al. 1970).

High toxicity associated with glutaminases- 
based therapy represents a huge drawback in the 
development of enzyme mediated glutamine- 
starving therapy using microbial enzymes with 
high affinity for the substrate. Other strategies 
have been employed for targeting of glutamine 
metabolism in cancer cells: specific GLS inhibi-
tors, inhibition of glutamine uptake by targeting 
membrane amino acids transporters, and suicidal 
glutamine mimetics (Higashitani et  al. 1990). 
Moreover, the clinical success of the use of aspar-
aginase for the treatment of Acute Lymphoblastic 
Leukemia (ALL) shows that minimal enzymatic 
removal of glutamine is beneficial in the treat-
ment of some tumours (for details, see the 
Asparaginase section).

9.2.5  Glycine Oxidase

Glycine is the smallest amino acid and represents a 
structural precursor to the synthesis of glutathion, 
proteins, lipids, nucleic acids and heme groups, 

either as is or as a source of one-carbon units 
(Amelio et al. 2014). Its metabolism is very com-
plex. Sources for the cell are represented both by 
extracellular glycine and by intracellular biosyn-
thesis, mainly, but not only, from serine through 
the action of serine hydroxymethyltransferase 
(SHMT). The reaction represents a major source 
of methyl groups for de novo synthesis of nucleo-
tides and DNA methylation (Amelio et al. 2014).

Glycine metabolism is associated with 
tumourigensis and cancer cell proliferation. 
Particularly, Jain and collaborators (Jain et  al. 
2012) have shown that both glycine consumption 
and expression of enzymes in the mitochondrial 
glycine biosynthetic pathway correlate with the 
rate of proliferation of cancer cells in the NCI-60 
panel of cell lines (Jain et al. 2012). Antagonising 
glycine uptake and its mitochondrial biosynthesis 
preferentially impairs rapidly proliferating cells, 
and upregulation of glycine metabolism corre-
lates with cell proliferation and poor prognosis in 
several tumours. Glycine deprivation may there-
fore be a new route for human cancer chemother-
apy. Removal of glycine from the diet is a 
possible approach, along with serine removal, 
because of the close interconnection between the 
metabolism of the two amino acids (see below 
and (Amelio et al. 2017; Maddocks et al. 2017)).

An alternative approach is removal of glycine 
by exploiting enzymes able to cleave the mole-
cule. The glycine cleavage system (GCS) is a 
multienzyme complex comprising four different 
components: P, H, T and L proteins. In humans, a 
mutation in the GCS encoding genes can lead to 
nonketotic hyperglycinemia (Tada and Kure 
1993). In vivo, the stoichiometry of the complex 
is impressive: 2P:27H:9T:1L. This system cataly-
ses glycine cleavage in almost all organisms 
through a multistep reaction, where the four pro-
teins act in a highly coordinated way (Douce 
et al. 2001). Initially, the P-protein catalyses the 
decarboxylation of the glycine molecule, while 
the residual aminomethyl groups is transferred to 
a sulphur atom on the lipoyl group of the oxi-
dized H-protein, generating the aminomethylated 
H protein. The methylene group is then  transferred 
from the H protein to a tetrahydrofolate mole-
cule, resulting in the release of ammonia and the 
generation of a reduced H protein. Finally, the 
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dihydrolipoyl group of the reduced H protein is 
oxidised by the L protein and the lipoyl group of 
the H protein is regenerated, completing the cata-
lytic cycle. Only recently the structure of the P 
protein from Thermus thermophylus has been 
determined (Nakai et  al. 2005). Because of the 
high complexity of this reaction, of the need of 
the whole GCS system to be present and cor-
rectly assembled to be functional, we consider it 
unlikely useful, at least in its native form, as a 
drug for cancer therapy. We are not aware at the 
moment of attempts to reduce the size of the 
complex and symplify its structure in order to 
build a molecule more apt to become a drug for 
glycine removal in vivo.

In contrast, a better candidate could be repre-
sented in our opinion by a glycine oxidase activ-
ity. Glycine oxidase (EC 1.4.3.19, GO, Fig. 9.9) 
catalyses the oxidative deamination of glycine, 
generating glyoxylate, ammonium and hydrogen 
peroxide. One such activity was isolated in 1998 
(Nishiya and Imanaka 1998), by studying the 
yjbR open reading frame of Bacillus subtilis. 
Initially characterized for its weak similarity to 
bacterial sarcosine oxidases, it turned out to be a 
deaminating oxidase, specifically a glycine oxi-
dase. The protein is a homotetrameric flavoen-
zyme, with each subunit theoretically weighing 
40.9 kDa, and an activity of 0.46 U/mg towards 
glycine. The N-terminus includes the flavin ade-
nine binding site and the C-terminus the substrate 
binding site. Further characterization was later 

performed (Job et  al. 2002), showing how the 
FAD flavin cofactor is present in a 1:1 stoichio-
metric ratio per monomer and not covalently 
bound to the enzyme. Compared to similar amino 
acid flavoprotein oxidases, the activity and 
kinetic efficiency are low (Pollegioni et al. 2008, 
2013), but GO variants with improved kinetic 
properties have already been generated both for 
Bacillus subtilis (Rosini et al. 2014) and Bacillus 
licheniformis (Zhang et al. 2016). Other bacterial 
sources of glycine oxidases are also under inves-
tigation. For the Bacillus cereus variant, it has 
been demonstrated a role for Asn336  in deter-
mining substrate affinity (Wu et  al. 2016). The 
crystal structure of the enzyme from Geobacillus 
kaustophilus has been determined in 2015 
(Shiono et  al. 2015), when the one from 
Pseudomonas putida KT2440 was also purified 
and characterised (Equar et al. 2015).

The enzyme from the Gram-negative marine 
bacterium Marinomonas mediterranea is very 
different from the ones described so far. It is more 
specific for glycine than the other enzymes, 
which can also catalyse reactions on sarcosine 
and N-ethylgycine (Campillo-Brocal et al. 2013). 
Moreover, it does not use FAD as a cofactor, but 
there is evidence supporting the presence of a 
quinone cofactor, generated by a post- 
translational modification of amino acid residues 
(Campillo-Brocal et al. 2013). The discovery of 
these enzymes paves the way to new opportuni-
ties to treat cancer glycine addiction.

Fig. 9.9 Glycine oxidase (GO): enzymatic reaction 
scheme (left) and molecular structure (right). The biologi-
cal unit structure (PDB ID: 1NG4) is represented as rib-

bons, colored by chain (red, blue, cyan and yellow), and 
surface (light grey)
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9.2.6  Serine Deaminase

Serine is part of an essential pathway in cancer 
(Kalhan and Hanson 2012; DeBerardinis et  al. 
2007), which is very closely interconnected to 
glycine metabolism (Amelio et  al. 2014; 
Locasale 2013). Serine can be synthetised start-
ing from 3-phosphoglycerate (produced in the 
glycolytic cycle) which is converted by phospho-
glycerate dehydrogenase (PHGDH), PSAT-1 and 
PSPH into serine. Serine can also be imported 
from the extracellular environment and it donates 
the carbon atom from its side chain to folate, 
converting it into glycine. Because of its key 
role, serine has been defined as the “central hub 
of cancer metabolism” (Amelio et  al. 2014). 
Several studies demonstrate that de novo serine 
synthesis through PHGDH is dramatically 
enhanced in a subset of breast cancers and mela-
nomas (Possemato et  al. 2011; Locasale et  al. 
2011). An increase in PHGDH copy number cor-
related with a dependence on serine production. 
Enhanced serine production by bone metastatic 
breast cancer cells stimulates osteoclastogenesis 
(Pollari et  al. 2011). A dietary requirement for 
serine and glycine was demonstrated for in vivo 
tumour growth (Maddocks et  al. 2013) and 
tumour adaptation to the deprivation of these two 
amino acids requires p53 functionality. 
Modulation of serine metabolism has been stud-
ied in rat hepatoma 3924A cells (Snell et  al. 
1987).

At the moment, there has not been a system-
atic attempt to tackle this addiction from the 
pharmacologic point of view. We propose that 
serine deaminase (serine dehydratase or serine 
ammonia lyase, EC 4.3.1.17, SDH, Fig.  9.10), 
which catalyses the transformation of serine into 
pyruvate and ammonium, could be a good 
enzyme for removal of serine in serine-addicted 
cancers. SDH is widely distributed in nature, 
with physico-chemical features variable from 
species to species. For example, the rat enzyme is 
a dimer (Xue et  al. 1999), while the yeast and 
Escherichia coli ones (able to catalyse deamina-
tion of threonine as well) are tetramers. A signifi-
cant advantage is that a human serine dehydratase 
from liver has been isolated and characterised 
(Sun et al. 2005), which would mean the advan-
tage of avoiding the immune response in the host 
upon administration. The human enzyme is a 
pyridoxal-phosphate dependent enzyme, with a 
homodimeric structure. Each subunit includes 
322 residues and consists of two domains, a small 
one and a large one, the latter being the catalytic 
domain and containing the cofactor.

9.2.7  Proline Deaminase

Proline is a unique amino acid, as its alpha-amino 
group is blocked into a pyrrolidine ring. It is 
therefore the sole secondary (imino) amino acid 
and has its own metabolic pathways (Phang et al. 

Fig. 9.10 Serine deaminase (SDH): enzymatic reaction scheme (left) and molecular structure (right). The biological 
unit structure (PDB ID: 5C3U) is represented as ribbons (blue) and surface (light grey)
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2015). Proline can be synthethised starting from 
glutamate by pyrroline-5-carboxylate (P5C) syn-
thase (P5CS) and ornithine by ornithine amino-
transferase (OAT). P5C is also the intermediate 
of the proline degradation pathway, mediated 
only by proline dehydrogenase, also known as 
proline oxidase (EC 1.5.5.2, PRODH/POX, 
Fig. 9.11). Interestingly, this enzyme, which can 
open the proline ring, is strategically associated 
to the inner mitochondrial membrane, close to 
the electron transport chain proteins (Phang et al. 
2008). The reaction leads to ATP production and 
proline can indeed be used as the single source of 
energy in several organisms (Nagata et al. 2003). 
Radical oxygen species (ROS) are the main by- 
product of the reaction and they seem to work as 
secondary messengers through complex III espe-
cially in apoptosis (Liu et al. 2006) and in autoph-
agy (Liu et al. 2012; Zabirnyk et al. 2010). This is 
the reason why the proline pathway is regarded 
as a main regulatory pathway: a special role for 
proline in metabolic regulation is now accepted 
(Ahn and Metallo 2015; Phang et  al. 2008). 
Proline metabolism has also been shown to be 
critical in cancer reprogramming (Sahu et  al. 
2016; Elia et  al. 2017; Liu et  al. 2015) and its 
clinical relevance has been established (Ding 
et  al. 2017). An important discovery was that 
PRODH/POX was encoded by a gene under the 
control of tumour protein p53: p53-induced gene 
6 (PIG-6) (Polyak et al. 1997). The enzymes of 
the proline biosynthetic pathway (P5CS, 
PYCR1/2/L) are markedly upregulated by 

c-MYC (Liu et  al. 2012). Tumours sensitive to 
proline metabolism are melanoma (Kardos et al. 
2015), lung cancer (Liu et  al. 2012) and breast 
cancer (Elia et al. 2017).

As yet, proline removal has not been attempted 
as a therapeutic strategy, but there are good rea-
sons to follow this route, especially according to 
the recent developments described above. First, 
proline addiction can be tackled in a very spe-
cific way, thanks to the uniqueness of proline 
molecular structure; second, appropriate 
enzymes exist, able to degrade it; finally, enzyme 
mediated proline degradation would occur in the 
extracellular space, where ROS could be easily 
quenched by plasma redox systems, therefore 
not interfering with intracellular signaling of 
healthy cells.

The human PRODH-POX enzyme (EC 1.5.99.
B2) can be a good candidate for the purpose, as 
this would minimize the risk of the immune 
response by the host. The structure of the enzyme, 
however, is not yet available, which could repre-
sent a limitation in its usage. Only the structure of 
the PutA homologue enzyme from Brayrhizobium 
japonicum was described in 2010 (Srivastava 
et  al. 2010). PutA (proline utilization A), how-
ever, is bifunctional and catalyses the oxidation 
of proline to glutamate via the sequential 
 activities of FAD-dependent PRODH and NAD- 
dependent P5C dehydrogenase domains. Even 
this enzyme could be an option for human treat-
ment, though the immune reponse would for sure 
represent an issue.

Fig. 9.11 Proline dehydrogenase (PRODH/POX): enzy-
matic reaction scheme (left) and molecular structure 
(right). The biological unit structure (PDB ID: 4NMA) is 

represented as ribbons, coloured by chain (blue and red), 
and surface (light grey)

M. Maggi and C. Scotti



191

A potential hurdle in fighting proline cancer 
addiction by enzymatic methods is that colla-
gen, forming 25% of total body proteins, has 
been described as a reservoir of proline, where-
from the amino acid can be reobtained by can-
cer cells. This issue would need careful 
consideration in the complex dynamics of each 
cancer type.

9.2.8  Tyrosine Aminotransferase

Melanomas and prostate cancer have been 
described as being dependent on tyrosine and 
phenylalanine and, in some cases, methionine. 
These studies are still in their infancy, but it has 
been shown that removal of tyrosine and phenyl-
alanine can lead human prostate cancer DU145 
cells to apoptosis without affecting normal cells. 
This effect is associated with inhibition of expres-
sion and phosphorylation of focal adhesion 
kinase (FAK) and of extracellular-regulated 
kinase (Maddocks et  al.; Fu et  al. 2003). This 
effect is however not visible in prostate cancer 
PC3 cells, which are instead sensitive to methio-
nine deprivation (Fu et al. 2003).

Restriction of tyrosine and phenylalanine 
from human (A375) and murine (B16) cell lines 
generates alterations in metabolic and signaling 
pathways in a concentration dependent and time- 
ordered fashion (Fu and Meadows 2007). Early 
events include modulation of FAK/G protein 
pathways and of the plasminogen activator (PA)/
PA inhibitor pathway. Late events lead to apopto-
sis by affecting the FAK/Ras/Raf and Bcl-2 path-
ways. This threshold effect has been described 
both in melanoma and in other sold tumours (Fu 
et al. 2003; Pelayo et al. 2001) and does not seem 
to be present in normal cells (Fu et al. 1999).

Enzymatic removal of amino acids is an as yet 
unattempted potential approach. 
Aminotransferases (EC 2.6.1.x) are part of the 
α-superfamily of vitamin B6-dependent enzymes 
(Alexander et al. 1994) and they are classifed into 
four families, with family I including seven sub-
families (Jensen and Gu 1996). The most thor-
oughly studied enzyme of the aminotransferase 

superfamily are the aspartate aminotransferases 
(AspATs), most of which belong to subfamily Iα. 
They include both highly specific enzymes, like 
cytosolic enzymes from higher vertebrates, and 
broad substrate specificity aminotransferases, 
which can utilise different substrates with differ-
ent affinities. Crystallographic studies on the first 
group have disclosed their catalytic mechanism 
(Kirsch et al. 1984). The Iγ subfamily enzymes 
are less well characterised and include tyrosine 
aminotransferase (L-tyrosine-2-oxoglutarate 
aminotransferase, EC 2.6.1.5, TAT, Fig. 9.12), a 
pyridoxal phosphate dependent enzyme which 
catalyses the transamination reaction included in 
the catabolic pathways of aromatic amino acids. 
In this reaction, the α-amino group of L-tyrosine, 
or L-phenylalanine, is transferred to 
α-ketoglutarate. While mammalian TAT, how-
ever, favours these substrates, others have a 
broader specifity, like the one from Trypanosoma 
cruzi (Blankenfeldt et  al. 1999), which uses all 
three aromatic amino acids and alanine as sub-
strates, along with three α-ketoacids as acceptors 
(pyruvate, α-ketoglutarate, oxalacetate).

Not many TAT structures have been described: 
the first was the one from T. cruzi (Blankenfeldt 
et al. 1999). The structure of the human enzyme 
(hTAT) is also available (PDB ID: 3DYD, 
released in 2008), along with those of the mouse 
(Mehere et al. 2010), E. coli (Ko et al. 1999) and 
Leishmania infantum (Moreno et al. 2014).

Typically, the enzymes share a similar archi-
tecture and include two domains: a major one and 
a minor one. The major domain binds the PLP 
group (in mTAT and hTAT to Lys280) and 
includes the active site, while the minor domain 
binds the substrate (Blankenfeldt et al. 1999). In 
hTAT, for example, the residues critical for tyro-
sine binding are Phe169, Phe410 and Arg417. 
The catalytic mechanism seems to involve a 
ping-pong mechanism, similar to the one of 
AspAT (Kirsch et al. 1984), where the pyridoxal 
group forms an intermediate with the aromatic 
amino acid, then resolved with the release of the 
corresponding α-ketoacid.

Ideally, the human enzyme, which is mainly 
expressed in the liver, would be the best  candidate 
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for therapy. However, it shows the lowest Km for 
tyrosine among those described (mM range, 
(Sivaraman and Kirsch 2006)). It is therefore 
likely that engineering of activity and specificity 
of the existing enzymes, or evaluation of alterna-
tive sources, must be considered in the near future 
for therapeutic applications.

9.3  Open Issues

Several limitations are intrinsic to the non-self 
nature of most of the enzymes described above. 
The problems shared by almost all of them are 
the immune response induced in the human host, 
the side effects due to systemic depletion of 
amino acids, and the inability to overcome the 
blood-brain barrier (BBB), behind which either 
minimal residual disease can cause relapse or the 
primary tumour is located.

In the case of ASNase, several attempts have 
been undertaken to reduce the immune response 
of the host. For example, shielding the E. coli 
protein with polyethylene glycol (PEGaspargase, 
Oncaspar) has lead to a reduction, but not a total 
disappearance, of the cases where a second line 
therapy replacement with E. chrysanthemi had to 
be activated (Cantor et al. 2012). Good results are 
also being obtained by loading red blood cells of 
the host with the enzyme before injection 
(GRASPA (n.d.)) and one observation has been 
performed on the possibility to make ASNase 
reach the surface of lung cells in the form of a 

nanobiocomposite by targeting the folate recep-
tor (Muthukumar et al. 2014).

Arginase is the only enzyme of human origin 
under clinical evaluation. A review about deim-
munization strategies for therapeutic enzymes by 
Cantor et  al. (2012) indicates essentially two 
approaches. On one side, in silico analysis allows 
the prediction of the main epitopes, which can be 
followed by site-directed mutagenesis. On the 
other hand, engineering of substrate specificities 
into a human enzyme is a possible alternative to 
limit immunogenicity only to the catalytic site.

9.4  Perspectives

Systemic depletion of a specific amino acid nec-
essarily has systemic consequences and, hence, 
side effects. A thus far unexplored approach is 
based on targeting of enzymes onto tumoural 
cells: as mentioned above, L-asparaginase, for 
example, has been targeted to lung tumour cells 
(Muthukumar et al. 2014), but much more can be 
done into this direction. Depletion of amino acids 
in close proximity of cancer cells could prove as 
successful as, or more, than systemic depletion. It 
is also expected that intracellular control of 
amino acid addiction could be even more effec-
tive on tumour control. Finding the way to deliver 
enzymes into the cell and into the right cell com-
partment to lead to cell death is another challenge 
that could be put on the agenda of researchers 
interested in tackling cancer metabolism.

Fig. 9.12 Tyrosine transaminase (TAT): enzymatic reaction scheme (left) and molecular structure (right). The biologi-
cal unit structure (PDB ID: 1BW0) is represented as ribbons (blue) and surface (light grey)
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Considering the success of combination ther-
apy in the case of asparaginase, this strategy for 
sure needs to be explored also for other enzymes, 
but even interconnections between amino acid 
pathways need to be explored more deeply in 
relation to cancer and to possible multiple 
addictions.

9.5  Conclusions

In this review we have presented an outline of the 
enzymes potentially useful to tackle cancer meta-
bolic addictions, presenting their general and 
specific limitations and proposing solutions to 
overcome them. We also suggest a targeted, in 
place of a systemic, approach in order to reduce 
side effects and optimise specific cell 
destruction.

In our view, the future of enzymes for cancer 
therapy will entail significant molecular engi-
neering work, especially for novel candidates, 
and it is likely to reserve relevant progress in the 
treatment of tumours.
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Abstract
Hypophosphatasia (HPP) is a rare genetic 
disease, characterized by the defective pro-
duction of tissue-non-specific alkaline phos-
phatase (TNSALP). Six subtypes of the 
disease  – affecting neonates (beginning in 
utero), infants, children, or adults – are rec-
ognized: perinatal lethal, prenatal benign, 
infantile, childhood, adult, and odontohypo-
phosphatasia. The clinical presentation of 
these subtypes is very different and the sever-
ity ranges from mild to lethal. This chapter, 
after an overview of the genetics, epidemiol-
ogy, classification, and clinical presentation 
of the different forms of HPP, will review the 
current experience with enzyme replacement 
therapy (ERT).
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10.1  Hypophosphatasia

Hypophosphatasia (HPP), first described in 1948 
(Rathbun 1948), is a rare inherited disorder of 
bone and mineral metabolism, caused by loss-of- 
function mutations in the ALPL gene, leading to 
reduced activity of the tissue-non-specific isoen-
zyme of alkaline phosphatase (TNSALP). Over 
360 ALPL mutations are known.

The clinical presentation of HPP is very vari-
able, depending on age of appearance and, pos-
sibly, on type of mutation and mechanism of 
inheritance. The most severe symptoms and signs 
are observed in neonates, infants and children, 
and a worse prognosis is usually associated with 
earlier manifestations. Defective bone and tooth 
mineralization, respiratory insufficiency, sei-
zures, chronic pain, altered calcium and phos-
phate metabolism, renal problems, impaired 
growth and mobility, developmental delay, recur-
rent fractures, premature tooth loss are typical 
clinical findings. Biochemical tests show persis-
tent hypophosphatasemia (low levels of serum 
alkaline phosphatase (ALP) and TNSALP, 
adjusted for age and gender) and increased levels 
of ALP substrates (inorganic pyrophosphate 
[PPi]; pyridoxal-5′-phosphate [PLP], the active 
metabolite of vitamin B6; and phosphoethanol-
amine [PEA]). Among them, PPi is a potent 
inhibitor of mineralization, and its accumulation 
explains the bone and tooth complications that 
are a hallmark of HPP.

The clinical classification is essentially depen-
dent on age at onset of first signs and symptoms, 
and six subtypes of the disease are currently rec-
ognized, with severity ranging from mild to lethal 
(see Sect. 10.1.4) (Hofmann et al. 2013; Linglart 
and Biosse-Duplan 2016; Mornet 2018; Whyte 
2016).

In the last decade, the efficacy and safety of 
enzyme replacement therapy with asfotase alfa, a 
recombinant TNSALP, has been demonstrated in 
newborns, infants, and children with severe HPP. 
In 2015, asfotase alfa has been approved by regu-
latory agencies in several countries, including the 
European Union (Hofmann et  al. 2016; Mornet 
2018; Whyte 2017a).

10.1.1  Alkaline Phosphatase

Alkaline phosphatase (ALP) is a membrane- 
bound phosphomonoesterase that catalyzes 
dephosphorylation reactions (cleavage of phos-
phoester bonds with release of a hydroxyl group 
and phosphate) and is essential in the catabolism 
of PPi and other substances. It is present in all 
animal species. In humans, four ALP isoen-
zymes, encoded by different genes, are known: 
three are tissue-specific ALPs (intestinal ALP, 
placental ALP, placenta-like or germ cell ALP), 
and the fourth is the ubiquitous non-specific 
TNSALP, that accounts for about 95% of the 
total serum ALP activity and is most abundant in 
liver, bone, and kidney (Caswell et al. 1991; Cole 
2008; Mornet 2008; Hofmann et al. 2013; Hoshi 
et  al. 1997; Whyte 2010). In bone, TNSALP is 
found in pre-osteoblasts, osteoblasts, matrix ves-
icles, osteoid in areas of new bone formation, tra-
becular lining cells, newly embedded osteocytes, 
subperiosteal, endosteal, and bone marrow cells. 
TNSALP is also present in growth plates (chon-
drocytes and cartilage matrix), articular carti-
lages and teeth (ameloblasts and odontoblasts) 
(Hoshi et  al. 1997; Miao and Scutt 2002). 
TNSALP activity is essential for bone and teeth 
mineralization, and its deficiency leads to skele-
tal hypomineralization, a clinical hallmark of 
HPP. The bone TNSALP isoform is often called 
bone-specific ALP (BSALP). TNSALP may also 
have a role in inflammatory processes, as sug-
gested by the occurrence of muscle, bone, and 
cartilage damage, including osteomyelitis and 
arthritis, in HPP (Hofmann et al. 2013).

TNSALP function in tissues other than bone is 
still incompletely known. Reviews of current 
knowledge are provided by Buchet et al. (2013) 
and Mornet (2018). TNSALP is certainly 
involved in the metabolism of vitamin B6, whose 
active metabolite (PLP) has a key role in several 
physiological processes, including the synthesis 
of major neurotransmitters (serotonin, dopamine, 
epinephrine, norepinephrine, GABA). Studies on 
knockout mice have suggested that the defective 
dephosphorylation of PLP to pyridoxal (PL) 
could explain the seizures observed in some peri-
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natal/infantile HPP forms. Such seizures are the 
only known clinical sign of altered vitamin B6 
metabolism in HPP, although, for unclear rea-
sons, a positive response to vitamin B6 treatment 
in these cases seems to be an ominous sign. It 
must be underlined that such seizures are only 
observed in very young subjects. Older children 
or adults have no signs of vitamin B6 deficiency 
or toxicity (Baumgartner-Sigl et al. 2007; Mornet 
2008; Whyte 2010).

TNSALP seems also involved in the develop-
ment of central nervous system and in some brain 
functions (Fonta et  al. 2005; Hofmann et  al. 
2013; Kermer et  al. 2010), and these actions 
might explain the neurological and psychological 
signs and symptoms (neonatal seizures, chronic 
pain, anxiety, restlessness, depression) that are 
often observed in HPP.

10.1.2  Genetics

The ALPL gene is located on the short (p) arm of 
chromosome 1, bands 1p36.1-p34 (Weiss et  al. 
1988; Smith et al. 1988). Human TNSALP con-
tains 524 aminoacid residues (Silvent et al. 2014). 
HPP is caused by any mutation in the ALPL gene 
leading to decreased TNSALP activity and 
increased levels of its substrates. As of August 
2018, the Tissue Nonspecific Alkaline 
Phosphatase Gene Mutations Database (http://
www.sesep.uvsq.fr/03_hypo_mutations.php) 
includes 365 ALPL mutations. The inheritance 
mechanism can be autosomal recessive or domi-
nant. The most severe forms of HPP are autoso-
mal recessive and are characterized by nearly 
total suppression of TNSALP activity. The milder 
forms can be either autosomal recessive or auto-
somal dominant and are characterized by reduced, 
but not suppressed, TNSALP activity. Some 
severe mutations may cause mild forms of HPP 
in heterozygotes, due to a dominant negative 
effect (Fauvert et  al. 2009; Mornet and Nunes 
2011; Mornet 2017). The phenotypic presenta-
tion of the disease may be significantly different 
even within the same family (Hofmann et  al. 
2014).

10.1.3  Epidemiology

HPP is present worldwide, but its prevalence in 
different populations is highly variable. 
Canadians have a particularly high prevalence of 
the severe form, estimated at 1:100,000 (Fraser 
1957). In particular, Canadian Mennonites show 
a very high prevalence (up to 1/2500), and 1:25 
subjects may be a carrier (Orton et al. 2008). In 
African-Americans, HPP seems to be particu-
larly rare (Whyte et  al. 2006). In Europe, the 
prevalence of severe HPP has been estimated at 
1:300,000 (Mornet et  al. 2011). In Japan, the 
prevalence of the perinatal lethal form is about 
1:900,000 and seems often due to homozygosis 
for ALPL mutation c.1559delT, that is found only 
among the Japanese, with an estimated carrier 
frequency of 1:480 (Watanabe et al. 2011).

The prevalence of the milder forms of HPP, 
including the adult forms, is extremely difficult 
to estimate, as many cases probably remain undi-
agnosed. According to a genetic model proposed 
by Mornet et al., the prevalence of dominant mild 
HPP in the European population might be about 
1:6370 (Mornet et al. 2011).

10.1.4  Classification

The clinical presentation of HPP is very variable, 
ranging from lethal perinatal forms (death in 
utero or soon after birth, with almost total absence 
of bone mineralization) to mild adult forms (den-
tal problems and osteopenia) (Bianchi 2015).

The original classification of HPP, essentially 
unchanged since 1957, described five HPP sub-
types: “perinatal lethal HPP”, “infantile HPP”, 
“childhood HPP”, “adult HPP”, and “odonto- 
HPP”. A sixth subtype “prenatal (or perinatal) 
benign HPP” was subsequently identified and 
added (Wenkert et al. 2011).

In 2015, reappraising their 25-year experience 
with 173 pediatric HPP patients, Whyte et  al. 
proposed to distinguish two forms of “childhood 
HPP”, mild and severe (Whyte et  al. 2015). 
Accordingly, an updated classification would 
now recognize seven “major forms” of HPP, that 
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is, in order of increasing severity: “odonto HPP”, 
“adult HPP”, “mild childhood HPP”, “severe 
childhood HPP”, “infantile HPP”, “perinatal 
HPP”, plus the time-limited form “prenatal 
benign HPP” (Whyte 2017a) (Table 10.1).

In practice, there can be considerable overlap-
ping of clinical features, particularly in the infan-
tile and childhood forms, and some cases can be 
very difficult to classify. Both children and adults 
can present with pain, stiffness, and weakness of 
the lower limbs (possibly due to bone microfrac-
tures). Also, anomalies of tooth color, eruption 
and exfoliation, shape and structure, enamel, 
dentin, cementum are observed in both childhood 
and adult forms. The clinical severity of HPP is 
essentially linked to its skeletal complications, 
and a worse prognosis is usually associated with 
earlier signs and symptoms (Cole 2008; Fallon 
et  al. 1984; Hofmann et  al. 2013; Whyte et  al. 
2015; Whyte 2017a).

Very recently, Whyte et  al. (2018), re- 
evaluating a cohort of 165 preteenager HPP 
patients, highlighted the four biochemical hall-
marks of HPP in children. All patients had sub-
normal serum total and bone-specific ALP, and 
elevated plasma PLP, and nearly all had high uri-
nary PPi excretion. The mean levels of these four 
biomarkers correlated with HPP severity, ranked 
according to the proposed HPP nosology 
(“odonto HPP”, “mild childhood HPP”, “severe 
childhood HPP”, “infantile HPP”), with data 
overlapping among the four patient groups. The 
authors conclude that “these four biochemical 
hallmarks represent both a sensitive and reliable 
tool for diagnosing children with HPP”, and “val-
idate our expanded clinical nosology for pediat-
ric HPP” as an “improved framework for 
conceptualizing and working with this disorder’s 
remarkably broad-ranging severity”.

10.1.5  Bone and Dental Problems 
in HPP

Defective mineralization of bone and teeth is the 
most characteristic and severe consequence of 
insufficient TNSALP activity (Figs.  10.1, 10.2, 
and 10.3) (Hofmann et  al. 2013; Linglart and 

Biosse-Duplan 2016; Whyte 2017a). The miner-
alization of cartilage, bone, and teeth is the result 
of physicochemical and biochemical processes 
regulated by several promoting and inhibiting 
factors. Among them, three phosphatases  – 
TNSALP, phosphatase orphan 1 (PHOSPHO1), 
and nucleoside pyrophosphohydrolase-1 
(NPP1) – play an essential role in maintaining an 
optimal Pi/PPi ratio. This ratio is crucial in the 
mineralization process, where Pi is needed for 
the formation of hydroxyapatite crystals, while 
PPi inhibits it (Millán 2013).

In an early phase of mineralization, Ca2+ and 
Pi accumulate within the bone matrix vesicles, 
forming hydroxyapatite crystals. In a second 
phase, the vesicles’ membranes break down and 
the hydroxyapatite crystals are deposited in the 
collagenous matrix (Anderson 1995; Golub 
2009; Hessle et al. 2002; Schinke et al. 1999).

In HPP, insufficient TNSALP activity leads to 
the accumulation of excess PPi, which inhibits 
the calcium/phosphate crystal nucleation and 
hampers the growth of hydroxyapatite crystals in 
the matrix vesicles (Hessle et al. 2002; Harmey 
et al. 2004; Anderson et al. 2004; Orimo 2010). 
Even if osteoblasts seem to be unaffected 
(Wennberg et  al. 2000), the whole process of 
bone mineralization is seriously impaired, and 
hypomineralized bone, spontaneous fractures, 
tooth loss, as well as soft tissue calcifications 
(osteoarthritis, arterial calcification), are charac-
teristic manifestations of the disease (Millán 
2013).

Regarding dental problems, premature exfo-
liation and structural alterations of the primary 
(deciduous) teeth and an increased occurrence 
of severe dental caries is observed in all forms 
of HPP (Fig.  10.2). Alveolar bone and dental 
cementum are poorly mineralized, and prema-
ture tooth loss is common. The anterior teeth 
(incisors) are more frequently affected. Impaired 
dentinogenesis, revealed by large pulp cham-
bers, and enamel hypoplasia, predisposing to 
dental caries, are also described. The primary 
teeth are most often affected, but permanent 
teeth are not spared (Atar and Körperich 2010; 
Beumer et al. 1973; Olsson et al. 1996; van den 
Bos et al. 2005).
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Table 10.1 Different forms of hypophosphatasia

Form Inheritance Clinical course and features Dental features
Perinatal 
lethal

AR Most severe form –
Stillbirth or death within days/weeks after birth
Severe hypomineralization (deformed and short limbs)
Derangements in calcium/phosphate metabolism
Osteochondral spurs in forearms, legs
Severe lung hypoplasia (chest deformities, rib fractures)
Seizures, dependent by pyridoxine (B6)

Prenatal 
(or 
perinatal) 
benign

AR/AD Benign evolution (but long-term course unknown) –
Limb shortening and bowing of long bones observed in utero
Spontaneous improvement of skeletal defects after birth

Infantile AR First symptoms during the first 6 months of life Premature loss of 
deciduous teethPoor prognosis during the 1st year of life (mortality has been 

estimated to be 50% during infancy)
Severe hypomineralization (rachitic ribs)
Premature craniosynostosis (Chiari I malformation, hydrostatic 
hydrocephalus, hydrosyringomyelia)
Rickets-like signs of hypomineralization
Swallowing disorders, irritability, seizures
Severe muscular hypotonia
Hypercalciuria, nephrocalcinosis

Childhood 
(“mild” or 
“severe”)

AR/AD First symptoms after 6th month of life Premature loss of 
deciduous teethRickets-like signs of hypomineralization

Short stature, failure to thrive Caries
Delayed walking
Repeated fractures
Waddling gait due to bone deformities
Chronic bone pain (lower extremities)
Muscular hypotonia
Lack of appetite, nausea, gastrointestinal problems

Adult AR/AD Presents in middle age Loss of permanent 
teeth at 40–60 years 
of age

Stress fractures of metatarsals, tibia. Femur pseudofractures
Fragility fractures
Osteomalacia, osteoporosis
History of delayed fracture healing in childhood; often mild rickets
Chondrocalcinosis, osteoarthritis
Myopathy, weakness
Renal abnormalities, reduced GFR nephrocalcinosis and kidney 
stones
Psychiatric symptoms (insomnia, restlessness, anxiety, depression)

Odonto 
HPP

AR/AD Not associated with bone, articular, or muscular problems Premature (i.e. age 
<5 years) exfoliation 
of deciduous and/or 
permanent teeth 
(mainly incisors)
Severe dental caries
Reduced thickness 
of dentin Enlarged 
pulp chambers
Alveolar bone loss

Legend: AD autosomal dominant, AR autosomal recessive, GFR glomerular filtration rate
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10.1.6  Diagnosis

The diagnosis of HPP must be based on a consis-
tent set of medical history and physical examina-
tion data, biochemical tests, and skeletal 
radiographic findings (that can be pathognomonic 
in perinatal, infantile, and severe childhood HPP) 
(Bianchi 2015; Hofmann et  al. 2013; Kishnani 
et  al. 2017; Linglart and Biosse-Duplan 2016; 
Whyte 2016, 2017a, b). As all rare diseases, HPP 
(the mild forms in particular) can be difficult to 
recognize and the diagnosis is often delayed. HPP 
is associated with a very wide range of presenting 
signs, symptoms, and complications (defective 
skeletal mineralization, respiratory insufficiency, 
seizures, altered calcium and phosphate metabo-
lism, renal problems, pain, delay in growth and 
development, impaired mobility, recurrent frac-
tures, tooth loss, etc.), that can be misinterpreted 
as indicators of other more common diseases. The 

clinical findings, and consequently the differential 
diagnosis, are very different depending on age at 
presentation. For example, the presence of short 
bowed legs revealed by ultrasonography in a fetus 
might suggest osteogenesis imperfecta or other 
skeletal dysplasias. In a neonate, HPP should be 
differentiated from congenital rickets, neonatal 
hyperparathyroidism, osteogenesis imperfecta, 
mucolipidosis II. In an infant, HPP might be mis-
interpreted as any cause of failure to thrive, nutri-
tional rickets, or nephrocalcinosis due to 
idiopathic hypercalcemia. In a child, the presence 
of short stature, bone pain, fractures, motor delay 
might suggest mild osteogenesis imperfecta, 
myopathies, arthritis, chronic recurrent multifocal 
osteomyelitis, fibrous dysplasia. In an adult, espe-
cially in the presence of fractures, HPP can easily 
be confused with osteoporosis (Bishop 2015; 
Hofmann et al. 2013; Linglart and Biosse- Duplan 
2016).

Fig. 10.1 Radiographies 
of a case of perinatal and 
infantile HPP. (a) Chest 
of an infant with thin 
ribs, lung hypoplasia, 
endotracheal intubation 
and ventilation. (b) 
Upper limb showing 
extreme 
hypomineralization. (c) 
Lateral skull showing 
severe 
hypomineralization, and 
ossification only at 
frontal bone, base and 
occiput. (d) Antero- 
posterior skull showing a 
copper beaten skull due 
to craniosynostosis with 
increased intracranial 
pressure. (From 
Hofmann et al. 2013, 
reproduced with 
permission)
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The typical laboratory findings of HPP are 
persistently low serum levels of ALP for age and 
gender, and increased levels of its substrates PPi, 
PLP, and PEA. However, low ALP activity alone, 
even if correctly based on sex- and age-specific 
reference ranges, cannot establish a diagnosis of 
HPP, as it may depend on many different causes 
(use of certain drugs, celiac disease, hypothy-
roidism, osteogenesis imperfecta type II, milk- 
alkali syndrome, vitamin D toxicity, etc.). High 
serum levels of PLP are a more specific marker of 
HPP, and are usually correlated with disease 
severity (Whyte 2016). It can also be noted at this 

point that a standardized assay for serum PPi, a 
potentially very useful laboratory test in the diag-
nosis and follow-up of HPP, is currently not 
available.

Genetic analysis of TNSALP mutations is 
often unnecessary for a diagnosis of HPP, but is 
obviously helpful to clarify inheritance patterns, 
evaluate the risk of HPP recurrence in a future 
pregnancy, and for prenatal assessment. However, 
even a positive mutation analysis is not sufficient 
for a diagnosis of HPP, if not accompanied by 
clinical, biochemical and radiologic evidence of 
disease (Whyte 2017a).

Fig. 10.2 Images showing clinical characteristics of HPP 
in children. (a) Scannographic image at 30 weeks of preg-
nancy in a fetus affected with hypophosphatasia and a 
homozygous mutation in the ALPL gene. Note the lack of 
mineralization of the skull, the thin ribs, but most of all, 
the abnormal distal femoral metaphyses with eperons and 
irregularities. (b) Femur and (c) tibia X-rays in an 
18-month-young boy with HPP with a compound hetero-
zygous mutation in the ALPL gene. (d) For comparison, 

an X-ray of an unaffected 20-month-old boy is shown. (e) 
Premature loss of the anterior upper and lower teeth 
before the age of 2 years. (f) Anicesmile with a fixed par-
tial denture in the same child 1 year later. (g) Retroalveolar 
radiograph of the same patient before he lost upper inci-
sors and canines during the following year. Note the 
reduced alveolar bone level around the incisors. (h) 
Pictures of exfoliated teeth (decidual canines) with their 
entire roots. (From Linglart and Biosse-Duplan 2016, 
reproduced with permission)
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Whyte also underlines the importance of a 
correct diagnosis of HPP before making the deci-
sion to treat a patient with asfotase alfa, because 
mistakenly using the drug in conditions other 
than HPP could result in excessive mineralization 
with negative consequences (Whyte 2017a). In 
an adult, the misdiagnosis of HPP as osteoporosis 
may lead to the erroneous prescription of a 
bisphosphonate, which is contraindicated in HPP 
(Wüster and Ziegler 1992; Sutton et  al. 2012; 
Whyte 2009).

10.2  General Management of HPP

Until the availability of enzyme replacement 
therapy (ERT, see below), therapeutic interven-
tions in HPP addressed its different clinical prob-
lems (chronic pain, musculo-articular-skeletal 
alterations, fractures, psychological and neuro-
logical problems, renal problems, dental prob-
lems), aiming to alleviate symptoms and prevent 
complications (Rockman-Greenberg 2013). The 

wide spectrum of HPP manifestations ideally 
required the collaboration of an experienced mul-
tispecialty team.

10.2.1  Nutrition

In the presence of hyperphosphatemia, restriction 
of dietary phosphate (Pi) and/or pharmacologic 
binding of dietary Pi have been proposed, since 
Pi is known to inhibit TNSALP activity and gene 
expression (Wenkert et al. 2002).

In children, adequate nutrition should be 
ensured, especially in the presence of growth 
retardation. Vitamin D insufficiency should be 
corrected with standard supplementation, taking 
care to avoid too high doses that could aggravate 
the hypercalcemia/hypercalciuria in infantile 
HPP (Mornet and Nunes 2011). Active metabo-
lites of vitamin D (such as 1α-hydroxy-vitamin D 
or 1,25-dihydroxyvitamin D) should not be used, 
to avoid increase of intestinal Pi absorption and 
serum Pi levels. Calcium supplementation is also 
to be avoided except in carefully selected cases, 
considering the risk of hypercalcemia and kidney 
stones. In adults, supplementation with calcium 
and vitamin D can be used to prevent secondary 
hyperparathyroidism (Mornet and Nunes 2011).

10.2.2  Physical Activity

Moderate but regular physical exercise is recom-
mended at any age, first to build and then to 
maintain bone mineral mass and bone strength. 
Only low-impact physical activities are suitable, 
especially in the severe forms of HPP, to mini-
mize the risk of fragility fractures.

10.2.3  Inflammatory Manifestations

Patients with bone and joint pain and inflamma-
tory symptoms may benefit from the judicious 
intermittent use of non steroidal anti- 
inflammatory drugs (NSAIDs), with significant 
subjective and functional improvement, that may 
last for some weeks after withdrawal. NSAIDs 

Fig. 10.3 HPP in an adult with severe childhood type. 
X-ray shows a pseudofrature (arrow) medially in the prox-
imal femur who presented also bowing and cortical thick-
ening. (From Whyte 2017a, reproduced with permission)
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have also been successfully used for bone and 
joint pain in childhood HPP (Girschick et  al. 
2006). In the presence of impaired renal function, 
NSAID use is risky and requires close monitor-
ing (Hofmann et al. 2013).

10.2.4  Osteoporosis and Fractures

Osteoporosis and bone fragility are a major prob-
lem in the severe forms of HPP. The prevention 
of fractures through the avoidance of risky physi-
cal activities is very important, since fractures in 
HPP patients heal with great difficulty and in a 
long time, requiring prolonged casting or even 
orthopedic interventions.

Bisphosphonates, the classical anti- 
osteoporosis drugs, have not been seriously stud-
ied in HPP (Mornet and Nunes 2011). There are 
theoretical reasons against them, however, as 
they are structurally related to PPi and can further 
suppress TNSALP activity (Wüster and Ziegler 
1992). Moreover, there is a major difference 
between the bone fragility of HPP and that of 
classical osteoporosis. In HPP, bone fragility is 
caused by deficient bone mineralization, while in 
osteoporosis it derives from excess bone resorp-

tion. For this reason, the anti-resorptive drugs 
like bisphosphonates and denosumab that are so 
effective in classical osteoporosis are possibly 
contraindicated in HPP and may have untoward 
side effects. It has been reported that adults with 
undiagnosed HPP treated with bisphosphonates 
may have an increase in and/or worsening of 
fractures, or may sustain atypical (lateral subtro-
chanteric) femur fractures (Fig.  10.4) (Cundy 
et al. 2015; Mornet and Nunes 2011; Sutton et al. 
2012; Whyte 2009).

Since PTH stimulates TNSALP synthesis in 
osteoblasts, teriparatide (recombinant human 
parathyroid hormone 1–34) has been used in 
some adults with HPP.  Whyte et  al. (2007) 
reported the healing of metatarsal stress fractures 
and proximal femur pseudofractures with a 
18-month teriparatide treatment. Camacho et al. 
(2008) reported the positive effects of a 24-month 
treatment in a 75-year-old woman with multiple 
low-trauma fractures: skeletal mineralization and 
bone turnover markers improved, and there were 
no more fractures. Doshi et al. (2009) described 
an interesting case of bisphosphonate-related 
atypical femur fractures in a 50-year-old woman, 
successfully treated with teriparatide for 
16 months after the correct diagnosis of HPP was 

Fig. 10.4 X-rays images in an adult with HPP and treated 
with bisphosphonates (BP) (a) Bilateral acute sub- 
trochanteric femoral fractures occurred in June 2010 after 
approximately 4 years of BP exposure. Note also the cor-
tical thickening of both upper femoral shafts. (b) In 

August 2011, approximately 18 months after cessation of 
BP exposure, there was persisting thigh pain but evidence 
of fracture healing with callus formation although the cor-
tical fracture lines can still be seen bilaterally. (From 
Sutton et al. 2012, reproduced with permission)
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made. There are other case reports of successful 
treatment (Schalin-Jäntti et al. 2010; Camacho et 
al. 2016), but also cases in which the benefits did 
not last (Gagnon et  al. 2010), or no significant 
effect was observed (Laroche 2012). Considering 
these inconsistent results, Gagnon et  al. (2010) 
suggested that the response might depend on the 
specific gene mutations. Teriparatide should not 
be used for a total duration of more than 2 years 
in a single patient, and must not be used in young 
patients with open epiphyses, due to a potentially 
increased risk of osteosarcoma (observed in ani-
mal studies) (Mornet and Nunes 2011).

Calcitonin followed by a bisphosphonate (clo-
dronate) was unsuccessfully tried in a 7-month- 
old girl with infantile HPP (Deeb et al. 2000).

Anti-sclerostin treatment might stimulate 
bone formation, and there is a report that eight 
adult patients with HPP showed increases in bone 
formation markers and bone mineral density 
(Seefried et al. 2017).

Bone marrow and stem cell transplantation 
has been tried in some infants and children with 
life-threatening HPP, with some improvement in 
skeletal mineralization and prolonged survival 
(until 3–7 years), but without consistent improve-
ment in ALP activity (Cahill et al. 2007; Taketani 
et al. 2015; Whyte et al. 2003).

10.2.5  Neurological 
and Psychological Symptoms

Seizures, apparently due to defective dephos-
phorylation of PLP, are reported in severe perina-
tal and infantile HPP. For unclear reasons, their 
response to vitamin B6 or pyridoxine treatment 
seems not a positive sign and may on the contrary 
suggest a lethal prognosis (Baumgartner-Sigl 
et al. 2007; Mornet 2008; Whyte 2010).

Chronic pain, insomnia, anxiety, irritability, 
restlessness, depression can be very disturbing 
symptoms in the less severe forms of HPP and 
should be appropriately treated. Recent progress 
in the elucidation of TNSALP activity in noci-
ception and purinergic signaling might lead to 
more specific approaches (Hofmann et al. 2013).

10.2.6  Neurosurgical Problems

In the infantile and childhood forms, the prema-
ture fusion of cranial sutures is common, and 
radiological, neurological, and ophtalmoscopic 
assessments should be regularly made until ado-
lescence. Complications like secondary ectopia 
of cerebellar tonsils (Chiari I malformation) or 
hydrosyringomyelia may appear, and in these 
cases lifetime surveillance is needed (Collmann 
et al. 2009). Neurosurgical interventions may be 
required in the presence of neurologic signs and 
symptoms of increased intracranial pressure 
(headache, seizures, papilledema, numbness of 
extremities, paralysis).

10.2.7  Renal Problems

Kidneys can be involved in HPP in several ways. 
High arterial pressure is common and must be 
treated. Kidney stones can be a complication of 
hypercalcemia and hypercalciuria. 
Hyperphosphatemia may require treatment with 
phosphate binders. Nephrocalcinosis can also 
develop, with progressive worsening of renal 
function. The prudent, short-term use of NSAIDs 
might be helpful, possibly with the supervision of 
a nephrologist (Rockman-Greenberg 2013).

10.3  Enzyme Replacement 
Therapy with Asfotase Alfa

The first attempts at ERT were made with intra-
venous administration of ALP-enriched plasma 
from patients with Paget bone disease, purified 
human liver ALP, or purified human placental 
ALP in infants with severe HPP, but the results 
were disappointing (Weninger et al. 1989; Whyte 
et al. 1982, 1992). Some years later, transplanta-
tion of T-cell-depleted bone marrow (Whyte et al. 
2003), bone fragments and cultured osteoblasts 
(Cahill et al. 2007), or mesenchymal stem-cells 
(Tadokoro et al. 2009; Taketani et al. 2013, 2015) 
resulted in encouraging, although limited, 
improvement. These first studies suggested that 
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increasing enzyme activity in plasma was not 
sufficient, while TNSALP-expressing bone cells 
could help correct the genetic defect of HPP.

In 2004, Enobia Pharma Inc. (a biotech com-
pany based in Montreal, Canada) filed a patent 
application for a bioengineered substitute of 
TNSALP (original documentation available at 
https://patentimages.storage.googleapis.com/cf/e0/
bd/7ecc5788ba1853/US7763712.pdf). This prod-
uct (sALP-FcD10, first named ENB-0040; cur-
rently called asfotase alfa) is a recombinant fusion 
glycoprotein made of two identical polypeptide 
chains (connected by disulfide bonds), that contain 
the catalytic ectodomain of human TNSALP (i.e. 
the soluble part of TNSALP, cut at the C-terminal 
membrane-bound region), with the addition of the 
human IgG1 Fc region and a C-terminal deca-
aspartate motif. The Fc region was added to facili-
tate cromatographic purification of the drug, and the 
deca-aspartate motif, which has high affinity for 
hydroxyapatite crystals, for specific bone targeting 
(Fig. 10.5) (Hofmann et al. 2016).

In 2011, Enobia Pharma was acquired by 
Alexion Pharmaceuticals Inc. (New Haven, CT, 
USA), and ENB-0040 was renamed asfotase alfa. 
Since 2008, ENB-0040/asfotase alfa has been 
investigated in many studies, first in animals and 
then in children with severe HPP.  The positive 

results led to its approval by the regulatory agen-
cies of Japan (PMDA), European Union (EMA), 
Canada (Health Canada), and USA (FDA) in 
2015. Asfotase alfa, currently marketed as 
Strensiq® by Alexion Pharmaceuticals, is cur-
rently the only approved treatment for HPP, with 
the indication “treatment of patients with perina-
tal-, infantile- and juvenile-onset hypophospha-
tasia”. The European Medicines Agency product 
information is available online (Strensiq® EMA 
product information 2018).

Strensiq® (asfotase alfa) is a clear, colorless, 
aqueous solution for subcutaneous injections, now 
available in single use vials at different doses and 
concentrations (18  mg/0.45  mL, 28  mg/0.7  mL, 
40 mg/1.0 mL, 80 mg/0.8 mL). The recommended 
dosage is 2 mg/kg body weight three times a week or 
1 mg/kg body weight six times a week. The maxi-
mum injection volume should not exceed 1 mL, and 
if necessary, multiple subcutaneous injections can be 
administered at the same time. The safety and effi-
cacy of asfotase alfa in HPP patients with renal or 
hepatic problems have not been studied (Hofmann 
et al. 2016; Whyte 2017a; see also Strensiq® Alexion 
product information 2018; Strensiq® Alexion 
Prescription Information 2018). Table 10.2 resumes 
the clinical trials on HPP treatment with asfotase alfa, 
as listed at https://clinicaltrials.gov.

Fig. 10.5 The structure 
of asfotase alfa (drawn 
as a homotetramer): a 
recombinant fusion 
glycoprotein, containing 
the human TNSALP 
ectodomain with the 
addition of the human 
IgG1 Fc region and a 
C-terminal deca- 
aspartate motif. 
(Redrawn from http://
www.ema.europa.eu/
docs/en_GB/document_
library/EPAR_-_Public_
assessment_report/
human/003794/
WC500194340.pdf)
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10.3.1  Preclinical Studies

In the first published preclinical study, TNSALP- 
null Akp2−/− mice (i.e. mice deprived of the 
murine TNSALP gene), a good animal model for 
infantile HPP (Fedde et  al. 1999) were treated 
with daily subcutaneous injections of ENB-0040 
at different doses (1, 2, or 8.2 mg/kg/day) for up 
to 52  days after birth. Seventy-five percent of 
those receiving the highest doses survived and 
showed normal physical activity, normal growth, 
no skeletal or dental alterations, and no epilepsy, 
while the median survival of untreated mice was 
only 18.5 days. Plasma levels of calcium, PPi and 
pyridoxal remained within normal range (Millán 
et al. 2008).

Another study on the same animal model 
investigated the dose-response relationship with 
different doses (0.5, 2.0, or 8.2  mg/kg/day) of 
subcutaneous ENB-0040 for 43 days after birth. 
Bone defects were prevented in 80% of mice with 
doses of 2.8–3.2  mg/kg/day, depending on the 
skeletal site. Long bones apparently responded 
positively to lower doses. Overall, bone mineral-
ization, bone length, body weight and median 
survival improved with increasing doses. 
Interestingly, the authors observed that urinary 
PPi (a good marker for the diagnosis of HPP) is 
probably not useful in the follow-up of ERT, 
since it remained elevated in all treated groups 
(Yadav et  al. 2011). Further studies on Akp2−/− 
mice reported that ENB-0040 can prevent hypo-
mineralization of alveolar bone, dentin, and 
cementum, as well as enamel defects (McKee 
et al. 2011; Foster et al. 2013).

10.3.2  Studies in Infants 
and Children

Following these preliminary positive results in 
animal models, ENB-0040 was investigated in 
infants and children with very severe forms of 
HPP.

In 2012, Rodriguez et al. used ENB-0040 in a 
preterm 3-week-old infant with HPP, with severe 
respiratory insufficiency requiring mechanical 

ventilation since birth. After 12 weeks of treat-
ment, lung function and chest wall mechanics 
were improved with respect to a baseline evalua-
tion at age 8 weeks (after 5 weeks of treatment), 
and oxygen flux could be reduced. At age 
32 weeks, the infant could be discharged from the 
hospital, but unfortunately, only 2  weeks later, 
had to be rehospitalized because of fever, hypox-
emia, pneumonia and shock, and in a few days he 
died from septic shock with multi-organ failure, 
disseminated intravascular coagulopathy, hypox-
emic respiratory failure and acute respiratory dis-
tress syndrome (Rodriguez et al. 2012).

In the same year, the first results of a Phase 2 
multinational open-label study of ERT treatment 
with ENB-0040  in infants and young children 
with life-threatening HPP (ENB-002-08; 
ClinicalTrials.gov number: NCT00744042) were 
published. The study enrolled 11 patients (7 girls 
and 4 boys, aged 2 weeks to 3 years; 5 with peri-
natal HPP and 6 with infantile HPP). All children 
presented typical HPP symptoms (failure to 
thrive, severe hypomineralization, fractures, sub-
stantial motor delay or regression) within the first 
6  months of life. Those with erupted teeth had 
lost dentition, and all but two had nephrocalcino-
sis or renal stones. Ten of the 11 patients required 
some respiratory support (5 at baseline and 5 at a 
later time) during the study. They were treated 
with a single intravenous infusion (2 mg/kg) of 
ENB-0040 initially, followed by subcutaneous 
injections three times a week (1  mg/kg, to be 
increased up to 3 mg/kg in case of worsening pul-
monary function, failure to thrive or absence of 
skeletal improvement). One child was withdrawn 
after the initial intravenous dose, because of dis-
turbing symptoms. Ten children completed 
6 months of treatment and nine completed 1 year. 
One of them died from sepsis (unrelated to treat-
ment) during the 7th month of treatment. Skeletal 
healing became apparent within the first 24 weeks 
of treatment in all patients but one, with increased 
BMC (bone mineral content), improved endo-
chondral and membranous bone formation, frac-
ture healing, reduced deformity, resolution of 
radiolucencies and sclerosis, improved bone 
modeling and remodeling. One patient who had 
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no visible bone at baseline did not have an early 
response to treatment, but showed some reminer-
alization at 48 weeks. After 6 months of therapy, 
nine patients showed healing of rickets, as well as 
improvement in pulmonary function and devel-
opmental milestones. Serum PTH had an increas-
ing trend in parallel with bone mineralization, 
allowing liberalization of dietary calcium intake. 
Serum calcium and phosphate levels showed 
only transient minor fluctuations. Plasma levels 
of TNSALP substrates (PPi and PLP) decreased; 
in particular, PPi (measured in five patients) sig-
nificantly decreased over the 48 weeks of treat-
ment. Apparently, ERT had no effect on 
craniosynostosis and two patients required cra-
nial surgery. The most common ERT-related 
adverse event was mild, transient erythema local-
ized at the injection site. Nephrocalcinosis did 
not progress after the first 6 months of treatment 
and even improved in some patients. No ectopic 
calcifications were observed. The increased bone 
mineralization process did not lead to hypocalce-
mia (“hungry bones”). There were no signs of 
drug hypersensitivity or tachyphylaxis, and only 
four patients developed low titers of anti- 
ENB- 0040 antibodies, with no evident clinical, 
biochemical, or autoimmune abnormalities at 
48  weeks of treatment. Three serious adverse 
events in three patients (one each of respiratory 
distress, craniosynostosis, conductive hearing 
loss), however, were considered as possibly 
related to the treatment (Whyte et al. 2012a).

In 2014, the results of an extension 
(NCT01205152) of the previous study were pre-
sented at a medical conference in Canada. The 
nine patients who had completed the 1st year of 
treatment, continued for two more years (until 
month 36). Asfotase alfa (the ENB-0040 was 
given the new name in the meantime) was well 
tolerated, and the improvement in skeletal miner-
alization continued. Only one patient continued 
to need supplemental oxygen at the last assess-
ment after 3 years. Survival at 3 years was 90%, 
while in previous studies in comparable popula-
tions it was less than 50% (Whyte et al. 2014). 
Still later, Whyte communicated that after more 
than 5  years of treatment, these patients were 
showing further improvements and none was 

requiring respiratory support (Whyte 2017a), and 
that similarly positive results were being observed 
in an ongoing study on a larger number of com-
parable patients (Liese et al. 2016).

At another 2014 medical conference, 
Rockman-Greenberg et  al. presented the results 
of an ongoing Phase II, open-label, global, multi-
center trial (NCT01176266) on 15 children with 
HPP (age range 0.1–304  weeks; N  =  8 age 
<22  weeks; N  =  7 age 168–304  weeks). The 
patients received asfotase alfa as a subcutaneous 
injection (initial dose 2  mg/kg, three times per 
week; with adjustments permitted). The 13 
patients with at least 6 months of follow-up data 
were evaluated. Significantly improved bone 
mineralization was observed at week 12 in 6/14 
patients (42.9%), at week 24  in 8/12 patients 
(66.7%), at week 36  in 10/11 patients (90.9%) 
and at week 48 in 10/10 patients (100%). Eight of 
the 15 patients required some respiratory support 
during the study (5 at baseline and 3 at a later 
time); 4 of them still needed respiratory support 
at the last assessment. The overall survival was 
93% (one patient withdrew on day 16 and died on 
day 22, from disease-related complications, not 
attributed to the drug). There were no serious 
drug-related adverse events, the most common 
events being mild to moderate reactions at injec-
tion site (Rockman-Greenberg et al. 2014).

After 2014, the results of further Phase 2 clini-
cal trials of asfotase alfa in infants and adoles-
cents with perinatal, infantile, or childhood HPP 
were presented at medical conferences and pub-
lished in medical journals, confirming the posi-
tive effects of ERT on bone mineralization, 
growth, respiratory function, and mobility.

The first of these trials (NCT00952484, 
extended by NCT01203826) evaluated the effi-
cacy and safety of asfotase alfa treatment in chil-
dren aged 6–12 years, with rickets and impaired 
physical function due to HPP. Thirteen children 
were initially enrolled, one withdrew, 12 contin-
ued treatment for up to 5  years. Significant 
improvement in bone mineralization was 
observed after 6  months of treatment, then fur-
ther improvements occurred and persisted after 
5 years. In particular, 9/13 patients (69%) could 
be classified as “responders” (i.e. obtaining a 
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Radiographic Global Impression of Change 
(RGI-C) score ≥2) after 6  months of therapy, 
compared to 1/16 (6%) in the control group. The 
percentage of treated patients classified as 
“responders” increased to 75% after 2  years of 
treatment, 88% after 3  years, and 92% after 
5  years. Overall, growth, strength, motor func-
tion, agility, and quality of life improved, in many 
cases achieving normal values for age- and sex- 
matched peers, and were sustained at 5  years. 
Pain and disability resolved in most cases. The 
most common adverse effects were mild to mod-
erate reactions at injection site. No clinically 
important ectopic calcification or treatment resis-
tance were observed. Low titers of anti–asfotase 
alfa antibody appeared in all patients. These 
results confirmed that ERT with asfotase alfa has 
good and sustained efficacy and a good safety 
profile for children suffering from HPP (Fig. 10.6) 
(Whyte et al. 2016a).

In another article (Whyte et  al. 2016b), the 
survival rates observed in two ongoing, multi-
center, open-label, phase 2 interventional studies 
of asfotase alfa treatment in neonates and infants 
with severe HPP (NCT00744042/NCT01205152 
and NCT01176266) were compared with those 
observed in a retrospective, multinational, non- 

interventional, natural history study 
(NCT01419028) of patients with perinatal or 
infantile HPP with rachitic chest deformity, 
respiratory compromise, or vitamin B6–depen-
dent seizures, used as controls. Thirty-seven 
patients were included in the two ERT studies 
(median treatment duration, 2.7  years) and 48 
(with similar age and HPP severity) in the histori-
cal control study. The main outcome measures 
were survival, skeletal health (radiographically 
evaluated), and ventilatory status. Ninety-five 
percent (35/37) of treated patients were alive at 
1 year of age versus 42% (20/48) of the historical 
controls, 84% (31/37) versus 27% (13/48) at 
5 years of age. The median survival for the his-
torical controls was 8.9 months, with respiratory 
complications or failure as the primary cause of 
death. The better respiratory outcome was 
accompanied by radiographically demonstrated 
improvements in skeletal mineralization. In par-
ticular, only 5% (1/20) of the historical controls 
who required respiratory assistance survived, 
while 76% (16/21) of the ventilated treated 
patients survived, and 75% of them (12/16) could 
be weaned from respiratory support. These 
results confirmed that asfotase alfa significantly 
improves skeletal mineralization, respiratory 

Fig. 10.6 Radiographic changes with asfotase alfa treat-
ment in a patient with perinatal/infantile HPP. Better rib 
mineralization, chest structure, and thoracic volume with 
improved ventilatory status in an infant with hypophos-

phatasia (5.1 weeks of age at treatment baseline). RGI-C, 
Radiographic Global Impression of Change scale. (From 
Whyte et al. 2016b, reproduced with permission)
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function and prolong survival in life-threatening 
perinatal and infantile HPP.

Another 1-year open-label, multicentre, pro-
spective trial (NCT02456038) included 13 
patients (9 females, 4 males; age 0 days-34 years) 
with ALPL gene mutations: 6 patients had perina-
tal HPP, 5 infantile HPP, 1 childhood HPP, 1 adult 
HPP. All but one were treated with asfotase alfa 
(2 mg/kg three times weekly). The primary out-
come measure was safety, determined on the 
basis of observed adverse events (AEs), and the 
secondary outcome measure was efficacy, deter-
mined on the basis of overall survival, respiratory 
status, rickets severity and gross motor develop-
ment. The more severe AEs (convulsion and 
hypocalcaemia, possibly related to treatment) 
were observed in one patient with perinatal 
HPP.  Three patients with infantile HPP had 
hypercalcemia and/or hyperphosphatemia, 
requiring low-calcium and/or low-phosphate for-
mula. The most frequent AEs were injection site 
reactions. Regarding efficacy, all patients sur-
vived, with improvements in radiographic find-
ings, respiratory function, and development 
(Kitaoka et al. 2017).

To complete this survey, a few interesting case 
reports on ERT in perinatal or infantile HPP 
deserve mention.

Okazaki et al. (2016) report a very interesting 
case of a female infant with perinatal lethal HPP 
diagnosed in utero. At birth, she had severe skel-
etal hypomineralization and severe respiratory 
insufficiency requiring invasive ventilation and 
deep sedation. She was treated with asfotase alfa, 
starting the day after birth, and improvements in 
bone mineralization were visible at 3  weeks of 
age. She required calcium supplementation for 
the first 3 months of treatment, to correct serious 
hypocalcemia with convulsions. At the time of 
report, the baby was no more requiring mechani-
cal ventilation and had survived for over 1 year.

In another case report, a dramatic clinical 
improvement was observed in a girl with infantile 
HPP, treated with asfotase alfa for more than 
5 years (Fig. 10.7) (Simm and Savarirayan 2017).

A similar case was very recently reported by 
Oyachi et  al. (2018). A newborn girl presented 
with respiratory insufficiency and seizures. Low 

ALP activity and high pyridoxal phosphate levels 
were measured in the umbilical cord blood, and 
severe rickets-like bone alterations were observed 
radiologically. She was treated with mechanical 
ventilation and pyridoxine hydrochloride. 
Perinatal severe HPP was diagnosed, and asfo-
tase alfa treatment was started at 6 days of age. 
Genetic analysis revealed compound heterozy-
gous mutations of the ALPL gene (c.1559delT/p.
Ser188Pro). With ERT, skeletal mineralization 
and respiratory insufficiency improved. Seizures 
ceased and pyridoxine hydrochloride was tapered 
off at age 1  year. There were no remarkable 
side-effects.

Finally, on the negative side, Costain et  al. 
(2017) describe in great detail the case of a 
female baby with perinatal HPP for whom ERT 
with asfotase alfa was not successful. The baby 

Fig. 10.7 Comparison of left femur, from (a) 2 months 
of age, before use of enzyme replacement therapy and (b) 
at age 5 years 10 months during asfotase alfa, demonstrat-
ing significant reduction in femoral bowing. (From Simm 
and Savarirayan 2017, reproduced with permission)
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was born with signs of poor bone mineralization 
and severe respiratory insufficiency, that required 
ventilation by continuous positive airway pres-
sure (CPAP). On day 13, after a diagnosis of peri-
natal HPP, she was put on ERT with asfotase alfa. 
In the following months, notwithstanding some 
radiological improvement in bone mineraliza-
tion, her chest wall and lungs failed to grow, she 
could never be weaned from mechanical ventila-
tory assistance and her general condition 
remained very poor. Eventually, the multidisci-
plinary healthcare team and the parents, after a 
difficult evaluation of the potential benefits ver-
sus the ongoing harms, made a decision to stop 
ERT, extubate, and provide only supportive care. 
On day 100, the baby died.

10.3.3  Studies in Adolescents 
and Adults

Regarding the less severe forms of HPP, there are 
only very few studies and the benefits of treat-
ment with asfotase alfa have not yet been demon-
strated in mild childhood HPP, adult HPP, and 
odontoHPP.

A poster (Kishnani et  al. 2012) and a short 
communication (Whyte et  al. 2012b) is all that 
we could find about an open-label, multicenter, 
randomized, controlled Phase II study of the 
safety and efficacy of asfotase alfa in 6 adoles-
cents and 13 adults with HPP (mean age 42 years, 
range 14–68  years) (NCT01163149). Thirteen 
subjects received daily subcutaneous injection of 
asfotase alfa (dose 2.1 (N = 7) or 3.5 (N = 6) mg/
kg/week) and six received no treatment (con-
trols). After 24 weeks of treatment with asfotase 
alfa, TNSALP substrate levels (serum PPi and 
serum PLP) were significantly decreased, motor 
function (6-min walk test) was also improved, 
although by only 26 m on average, and treatment 
was well tolerated, with no serious adverse events 
related to treatment. Hofmann et al. (2016) cited 
an extension of this study in which all these sub-
jects (including the non-treated controls) were 
treated with 3.5 mg/kg/week of asfotase alfa for 
another 24 weeks, then with 1 mg/kg/day 6 days/
week for an additional 48 weeks (or until regula-

tory approval of the drug), but no data on this 
extension have apparently been published.

There are very few other data on adults. 
Remde et  al. (2017) described a hemodialyzed 
59-year old woman with childhood-onset HPP 
and a history of multiple fractures and orthopedic 
procedures that after 13 months of treatment with 
asfotase alfa had a dramatic increase in quality of 
life, increased mobility, reduction in pain drugs, 
and significant improvement in bone 
 mineralization, with consolidation of existing 
fractures and no new fractures.

At the time of writing, asfotase alfa has not 
been approved for use in adult HPP, although 
some possible benefits could be expected, at least 
in selected cases, on the basis of the experience in 
children and the few data available for older 
patients.

Shapiro and Lewiecki (2017) discuss the 
problems and perspectives of ERT with asfotase 
alfa in adults, and present some suggestions 
about the possible criteria for treatment. The 
extent of HPP-related disability should always be 
a major criterion. Most important is a history of 
childhood involvement (before age 18  years), 
such as early loss of primary or secondary teeth, 
craniosynostosis, gait disturbance, developmen-
tal delays, skeletal deformity, bone pain or frac-
tures. In the absence of childhood symptoms, 
these other criteria are suggested: musculoskele-
tal pain requiring prescription pain medications; 
disabling polyarthropathy and/or chondrocalci-
nosis; major low-trauma fractures (e.g., spine, 
hip, humerus, pelvis) attributable to HPP; delayed 
or incomplete fracture healing or fracture non-
union, especially if requiring orthopedic surgery; 
disabling functional impairment (e.g., mobility, 
gait, activities of daily living) assessed by vali-
dated measures; low bone mineral density (BMD) 
(T-score ≤−2.5  in postmenopausal women and 
men aged ≥50  years; or Z-score ≤−2.0  in 
younger adults) by dual-energy X-ray absorpti-
ometry (DXA); radiological evidence of 
nephrocalcinosis.

The benefits and risks of asfotase alfa ERT in 
adults are still undetermined, as well as the opti-
mal dose, need for dose adjustments, and dura-
tion of therapy. Adverse effects of long-term ERT 
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are still unknown. The currently high cost of 
therapy is obviously an important aspect and 
might justify the use of asfotase alfa only in 
severe cases of HPP.

10.3.4  Adverse Reactions to Asfotase 
Alfa

The adverse reactions to asfotase alfa (Strensiq®) 
reported in clinical trials (on a total of 79 patients 
with perinatal or infantile-onset HPP, and 20 
patients with juvenile-onset HPP) are presented 
in detail in the Strensiq® prescribing information 
document (Strensiq® Alexion Prescription 
Information 2018) and are discussed in some 
review articles (Hofmann et  al. 2016; Kishnani 
et al. 2017).

The most common reactions were injection 
site reactions (in 63% of patients). Other common 
adverse reactions included lipodystrophy (28%), 
ectopic calcifications (14%), and hypersensitivity 
reactions (12%). Injection site reactions, lipodys-
trophy and ectopic calcification were higher in 
patients with juvenile-onset HPP than in patients 
with perinatal/infantile-onset. Most injection-site 
reactions and injection- associated reactions were 
nonserious, mild to moderate, and resolved within 
a week. They were more common in patients 
receiving six injections per week compared with 
those receiving only three injections per week. 
Localized lipodystrophy (atrophy or hypertrophy) 
was observed after several months of injections. 
Rotation of injection site seems to reduce the risk 
of site reactions. Ectopic calcifications were 
observed in eyes (including cornea and conjunc-
tiva) and kidneys (nephrocalcinosis), without evi-
dence of visual disturbances or changes in renal 
function. There was insufficient information to 
determine whether these manifestations were dis-
ease- or drug-related.

Hypersensitivity reactions (12% of patients) 
included vomiting, erythema, fever, irritability, 
nausea, pain, rigor/chills, oral hypoesthesia, 
headache, flushing, and anaphylaxis (1%). Less 
common adverse reactions (reported in <1%) 
were hypocalcemia, renal stones, chronic hepati-
tis, decreased vitamin B6.

Since increased levels of parathyroid hormone 
(PTH) and decreased levels of calcium have been 
reported during treatment with asfotase alfa, par-
ticularly in the first 12 weeks, PTH and calcium 
levels should be monitored during treatment and 
supplementation with calcium and/or vitamin D 
may be indicated (Hofmann et al. 2016).

10.3.5  Immunogenicity

Being a protein, asfotase alfa has a potential for 
immunogenicity. In clinical trials, antibodies to 
asfotase alfa have been found in 76 (78%) out of 
98 patients tested. Of these, 34 (45%) had neu-
tralizing antibodies. However, the development 
of antibodies has not been associated with clini-
cal resistance to the drug (Hofmann et al. 2016; 
Whyte 2017a).

10.3.6  Interactions

There are no data on the interactions of asfotase 
alfa with other therapeutic drugs (Hofmann et al. 
2016).

10.4  The Goals of Therapy 
with Asfotase Alfa and Its 
Monitoring

The treatment of HPP patients with asfotase alfa 
poses different problems depending on the dis-
ease subtype and severity as well as on the 
patient’s history and clinical manifestations. In 
younger patients, the main treatment goals are 
improved skeletal mineralization, prevention 
and/or control of complications (seizures, respi-
ratory insufficiency, renal failure, neurosurgical 
problems), reduction of pain, improved growth 
and development, improved mobility. In particu-
lar, in perinatal or infantile HPP, where survival is 
the primary goal, respiratory function and seizure 
control are urgent problems, and ventilatory sup-
port is often required. In childhood HPP, depend-
ing on disease severity, longer-term goals, such 
as growth, mobility, and bone mineralization, can 
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be pursued. In adults, HPP-related fractures are 
the most important problem, and treatment 
should aim at improving fracture healing and 
reducing the risk of new fractures. Other treat-
ment goals are functional improvement (strength, 
endurance, fatigue, pain). Oral health is another 
important treatment goal for patients of all ages, 
and overall quality of life should of course be the 
guiding light of the caregivers.

In the absence of published guidelines, the 
monitoring of asfotase alfa therapy in the differ-
ent forms of HPP and the different age groups 
was discussed by an international panel of expe-
rienced physicians, convened in 2016 by the pro-
ducer of asfotase alfa, Alexion Pharmaceuticals 
Inc. The conclusions and recommendations of 
this important meeting (regarding the type and 
frequency of clinical and radiological evalua-
tions, laboratory tests, and assessments of effi-
cacy/safety to be performed during the course of 
treatment) are presented in a consensus report by 
Kishnani et al. (2017).

10.5  Challenges and Future 
Perspectives

Asfotase alfa treatment for HPP is now widely 
recognized, and hopefully, the accumulation of 
experience with it will not only increase the ben-
efits for patients, but will also help us develop a 
better understanding of the pathophysiology of 
HPP and its extremely variable picture and sever-
ity. There are, however, many aspects that require 
further investigations, and as happens with all 
new treatments, problems and challenges have 
emerged.

10.5.1  Problems and Challenges

Treatment with asfotase alfa is a delicate matter, 
and before starting it, a correct diagnosis of HPP 
must be made (for diagnostic challenges, see 
above Sect. 10.1.6). The inappropriate use of this 
enzyme in conditions other than HPP could result 
in serious adverse consequences from excessive 
mineralization.

When asfotase alfa therapy is indicated, as in 
perinatal, infantile, and severe childhood HPP, a 
timely initiation is important to minimize the 
risks from respiratory and other complications 
and the need for intensive care. Perhaps in utero 
therapy of perinatal HPP will be possible in the 
future (Whyte 2017a).

Monitoring and follow-up are important. The 
dose of asfotase alfa, which is strictly based on 
the patient’s weight, must be regularly adjusted 
because, should it become insufficient, clinical 
and radiological worsening may soon recur 
(Whyte 2017a).

Ectopic calcifications are a theoretically pos-
sible adverse effect of treatment with asfotase 
alfa. Should future clinical experience demon-
strate the appropriateness of long-term or even 
life-long treatment regimens, the risk of vascular 
or cardiac valve calcifications will have to be 
considered as the patients’ age increases, and 
deserves specific investigations (Hofmann et al. 
2016; Whyte 2017a). There is also some evidence 
that high alkaline phosphatase activity could be 
associated with degenerative diseases of the cen-
tral nervous system, and this risk must also be 
taken into account (Hofmann et al. 2016).

Throughout life, the physiological production 
of ALP varies according to skeletal growth and 
development, bone modeling and remodeling 
activity, and fracture repair: whether dose adapta-
tion according to the physiological needs is 
appropriate has to be determined by further stud-
ies. Also, the possibility of intermittent treatment 
regimens in milder forms of HPP, which might 
require ERT only in challenge situations like 
fractures or implant surgery, should be investi-
gated (Hofmann et al. 2016).

10.5.2  Future Perspectives

Currently, asfotase alfa treatment requires three 
or six administrations per week, with up to two 
subcutaneous injections per administration if 
high doses are needed. The half-life of asfotase 
alfa following subcutaneous administration is 
5  days (Strensiq® Alexion Prescription 
Information 2018). Some future drug modifica-
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tion might allow to increase the interval between 
injections (Orimo 2016).

Bone marrow stem-cell transplantation has 
been attempted in the past, with little success 
(Whyte et al. 2003; Taketani et al. 2015), but the 
efficacy and safety of combination treatment of 
asfotase alfa and stem-cell transplantation may 
deserve evaluation (Orimo 2016).

Finally, ex-vivo gene therapy using bone mar-
row stem cells is also being evaluated, and has 
already been successfully attempted in TNSALP- 
null Akp2−/− mice (Yamamoto et  al. 2011; 
Matsumoto et al. 2011). Use of a viral vector con-
taining the ALPL gene is also being explored, and 
an experiment with TNSALP-null Akp2−/− mice 
has already been made with positive results (Iijima 
et al. 2015). Of course, this is only a very prelimi-
nary step, because the safety of vector administra-
tion must be demonstrated before its use in 
humans, and the vector with the highest transduc-
tion efficacy must be identified (Orimo 2016).

10.6  Conclusions

HPP is a very complex, multi-systemic disease, 
with a very variable, multi-faceted presentation 
and a wide range of severity, from very mild to 
lethal. In its different forms, HPP can reveal itself 
at different ages, and may involve different 
organs (bone, tooth, muscle, lung, kidney, gastro-
intestinal tract, peripheral and central nervous 
system). Its pathophysiology is still not com-
pletely understood in all its aspects and the diag-
nosis can be difficult and is often delayed.

Once a diagnosis of HPP is established, ERT 
with asfotase alfa is the only effective and prom-
ising treatment currently available, especially for 
the severe forms of infancy and childhood. The 
first clinical trials with asfotase alfa have demon-
strated clinical, radiographic, and biochemical 
improvements in infants and children with peri-
natal, infantile or childhood HPP, persisting after 
over 5 years of treatment in many cases.

Notwithstanding the inconvenience of fre-
quent injections (with the related adverse reac-
tions), this therapy has demonstrated a good 

safety profile, but its long-term efficacy and 
safety are unknown. The treatment must be care-
fully tailored to individual requirements and its 
management and follow-up are highly demand-
ing tasks, requiring the involvement of an 
 experienced and dedicated multidisciplinary 
team. Finally, the high cost of therapy is a major 
issue, that cannot be addressed here.

Some positive results with asfotase alfa have 
also been reported in adolescents and adults with 
milder forms of HPP, but the benefits of asfotase 
alfa have not been definitely demonstrated in 
these cases and alternative treatments could even-
tually prove preferable.

As a last note, considering the rarity of the dis-
ease, the development of medical centers with the 
required multidisciplinary expertise is a major 
issue, and underlines the necessity for a regular, 
timely sharing of clinical observations and expe-
riences via national and international “rare dis-
eases” networks, in order to build a sound 
evidence base on the natural history of HPP and 
the long-term impact of treatment.
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Abstract
Antibiotics have saved millions of lives. 
However, the overuse and misuse of antibiot-
ics have contributed to a rapid emergence of 
antibiotic resistance worldwide. In addition, 
there is an unprecedented void in the develop-
ment of new antibiotic classes by the pharma-
ceutical industry since the first introduction of 
antibiotics. This antibiotic crisis underscores 
the urgent and increasing necessity of new, 
innovative antibiotics. Enzybiotics are such a 
promising class of antibiotics. They are 
derived from endolysins, bacteriophage- 
encoded enzymes that degrade the bacterial 
cell wall of the infected cell at the end of the 
lytic replication cycle. Enzybiotics are fea-
tured by a rapid and unique mode-of-action, a 
high specificity to kill pathogens, a low prob-
ability for bacterial resistance development 
and a proteinaceous nature. (Engineered) 
endolysins have been demonstrated to be 
effective in a variety of animal models to com-
bat both Gram-positive and Gram-negative 
bacteria and have entered different phases of 
preclinical and clinical trials. In addition, 
mycobacteriophage-encoded endolysins have 
been successfully used to inhibit mycobacte-
ria in  vitro. In this chapter we focus on the 

(pre)clinical progress of enzybiotics as potent 
therapeutic agent against human pathogenic 
bacteria.
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ND Not defined
OM Outer membrane
OMP Outer membrane permeabilizing
PAE Post-antibiotic effect
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11.1  Introduction

Multidrug-resistant pathogens represent a major 
cause of morbidity and mortality and pose a seri-
ous threat on healthcare, both for humans and 
animals. In the United States alone, more than 
two million people are infected every year with 
bacteria that are resistant to conventional antibi-
otics. A significant proportion of 23,000 people 
dies (reported by the Centres for Disease Control 
and Prevention (US) 2013). Besides resistance 
development limiting the therapeutic potential of 
currently used antibiotics, there is an increasing 
awareness that the collateral damage of broad- 
spectrum antibiotics, i.e. killing of the benign 
commensal microbiome, causes harmful long- 
term effects such as an increased risk of second-
ary infections, asthma, obesity, diabetes type I 
and II (Langdon et  al. 2016). Therefore, the 
development of therapeutics to treat (polymicro-
bial) drug-resistant infections without affecting 
the commensal microbiota is essential. However, 
since the 1980s, no new classes of antibiotics 
have entered the market, which further under-
lines the global need for novel strategies to com-
bat multidrug- and pandrug-resistant pathogens.

Enzybiotics are a promising new class of 
enzyme-based antibacterials that may offer a 
response to this global call. They are safe, effec-
tive, fast-acting and highly specific. In addition, 
they weaken biofilms and have a low probability 
to provoke resistance development. They can be 
used alone or in combination with traditional anti-
biotics. Enzybiotics are derived from endolysins, 
bacteriophage-encoded enzymes that lyse the 
infected bacterial cell at the end of the lytic repli-
cation cycle. They enzymatically degrade the pep-

tidoglycan (PG) until the infected cell can no 
longer withstand the internal osmotic pressure 
and lyses, followed by dispersion of newly formed 
viral particles (i.e. “lysis form within”). Given the 
increasing incidence of antibiotic resistance and 
the lack of new alternative therapies, this unique 
and well-known feature of endolysins has spurred 
the idea to apply them exogenously to kill human 
pathogens (Nelson et  al. 2001). Indeed, purified 
recombinant endolysins induce rapid osmotic 
lysis of Gram-positive bacteria through degrada-
tion of externally accessible PG with consequent 
cell death (i.e. “lysis from without”). The efficacy 
of endolysins has been demonstrated in numerous 
animal models of human disease (Nelson et  al. 
2001; Schmelcher et  al. 2012a; Roach and 
Donovan 2015; Gerstmans et al. 2017). In addi-
tion, extensive engineering efforts have been done 
during the last two decades to enhance the poten-
tial of endolysins as therapeutic enzymes against 
Gram-positive bacteria and to extend their appli-
cation to Gram-negative pathogens, which have a 
protective outer membrane. These endeavors have 
paved the path for recombinant endolysins to 
enter different phases in preclinical and clinical 
trials. Currently, different lead enzybiotics have 
entered the clinical phase with humans. The 
accelerating clinical advances and their high tech-
nical feasibility make phage endolysins as thera-
peutics the highest ranked alternatives to replace 
conventional antibiotics according to a recent 
pipeline investigation (Czaplewski et al. 2016).

11.2  Bacteriophages

11.2.1  From Phage Discovery 
Over Phage Therapy 
to Endolysin Therapy

In the early 20th century bacteriophages (or 
phages) were independently discovered by Twort 
(1915) and Felix d’Herelle (1917), but D’Herelle 
was the first to describe bacteriophages as 
 bacterial viruses which have the ability to infect 
bacteria followed by bacterial lysis. Not long 
after their discovery, the therapeutic potential of 
phages to treat human and animal bacterial infec-
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tions was recognized (Twort 1915; Sulakvelidze 
et al. 2001; Salmond and Fineran 2015). The first 
attempt to use bacteriophages therapeutically 
was the treatment of a 12-year-old boy suffering 
from severe dysentery. When the phage prepara-
tion was regarded as safe, a single dose was 
administered to the child. The boy, together with 
three additional patients fully recovered within a 
few days after a single administration 
(Sulakvelidze et al. 2001). Despite the successful 
outcome, the results of these studies were not 
published. In 1921, Richard Bruynoghe and 
Joseph Maisin have published the first study 
about the treatment of staphylococcal skin dis-
ease with phages. A regression of the infection 
was reported 24–48  h after treatment (Lavigne 
and Robben 2012). Several similar studies about 
phage therapy have followed and in early 1930 
the commercialization of phages against an array 
of pathogens started. Despite these efforts, phage 
therapy for humans was abandoned in the Western 
medicine soon after the introduction of broad- 
spectrum antibiotics after World War 
II. Nowadays, the emergence of multidrug- and 
even pandrug-resistant pathogens has revitalized 
the interest in phages (Hanlon 2007). 
Nevertheless, phage therapy needs to overcome 
several technical hurdles such as regulation, nar-
row host range, bacterial resistance to phages, 
manufacturing, side effects of bacterial lysis, dif-
ficulties in the delivery of purified phage prepara-
tions, and the complicated pharmacokinetics of 
phages because of their self-replicating nature 
(Sandeep 2006; Hermoso et  al. 2007). Using 
phage-encoded endolysins (or lysins) offer the 
potential to circumvent these obstacles typically 
related to intact phages (López et  al. 2004; 
Hermoso et al. 2007).

11.2.2  Biological Function 
of Endolysin-Mediated 
Bacteriolysis

The biological role of endolysins is lysis of the 
infected bacterial cell at the end of the lytic cycle 
of bacteriophages in order to release progeny 
phage particles. The release is complicated by the 

presence of the bacterial cell wall, acting as a 
strong barrier. As phages co-evolved with their 
bacterial hosts, they have developed a variety of 
strategies to overcome this barrier (Young 2014). 
The most prevalent mechanism is the two com-
ponent holin-endolysin system specific to the 
Caudovirales (tailed phages with dsDNA) and 
regulated by a timing mechanism to achieve lysis 
at an optimal time (Fig. 11.1). Endolysins accu-
mulate in the cytoplasm as they cannot migrate 
through the cytoplasmic membrane (CM). The 
access to the PG in the periplasm is regulated by 
holins. Holins are small hydrophobic proteins 
that accumulate as homodimers in the CM in a 
uniformly distributed manner. At a genetically 
predetermined holin concentration, the holins 
aggregate into homo-oligomers and partially 
depolarize the CM by forming pores. The accu-
mulated endolysins take advantage of these pores 
to gain access to the PG to degrade it. In addition, 
phage-encoded spanins weaken the outer mem-
brane. When the impaired cell wall can no longer 
withstand the internal osmotic pressure, osmotic 
lysis and the release of the progeny (“lysis from 
within”) occur (Wang et  al. 2000; White et  al. 
2011; Young 2014).

11.3  The Structural 
and Biochemical Diversity 
of Endolysins

Although all endolysins have a conserved bio-
logical function, the constant evolutionary strug-
gle between bacteriophage and bacterium has 
resulted in a huge biochemical and structural 
diversity among endolysins (Loessner 2005). 
Along with the high global abundance of phages, 
this diversity creates an enormous reservoir of 
specific endolysins that all have a medical 
potential.

11.3.1  Catalytic Specificity 
of Endolysins

The PG layer is a highly preserved layer that 
ensures the structural rigidity and integrity of the 
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bacterial cells. PG consists of a polysaccharide of 
alternating N-acetylmuramic acid (MurNAc) and 
N-acetylglucosamine (GlcNAc) residues, linked 
by a β1-4 glycosidic bond. The glycan polymer is 
further stabilized by cross-links of the stem pep-
tides, which are attached to MurNAc residues. 
Endolysins can recognize and digest a specific 
chemical bond of PG.  They are classified into 
three different groups, according to the targeted 
bond (i.e. the amide, peptide or glycosidic bond) 
(Fig. 11.1) (Madigan et al. 2008).

(I) The first group of endolysins 
(N-acetylmuramoyl-L-alanine amidases; E.C 
3.5.1.28) hydrolyses the amide bond between 
N-acetylmuramoyl residues and L-alanine, the 
first amino acid of the stem peptide. (II) The sec-
ond group (endopeptidases; E.C 3.4.X.X) cleaves 
the peptide bond between two amino acids. 
L-alanoyl-D-glutamate endopeptidase cleaves 
the bond between L-alanine and D-glutamate in 
contrast to an interpeptide bridge-specific endo-
peptidase such as D-alanyl-glycyl endopeptidase 

Fig. 11.1 Schematic representation of the PG structure of 
S. aureus, the different cleavage specificities of endolysins 
and the simplified holin/endolysin lysis mechanism. 
(Bottom) When the critical holin concentration is achieved, 
holins depolarize the CM by forming pore lesions through 
which the endolysins accumulated in the cytoplasm gain 
access to PG. As a consequence, the PG is degraded and 
the cell wall cannot longer withstand the internal osmotic 
pressure and finally undergoes lysis. (Top) The glycan 
chains consist of β-1,4-linked, alternating monomers of 
N-acetylglucosamine (GlcNAc) and N-acetylmuramic 

acid (MurNAc) residues and are further cross-linked via 
stem peptides that are attached to the MurNAc residues. 
The endolysins can be differentiated in three groups based 
on their cleavage specificity: (1) endopeptidases – target-
ing peptide bonds  – including L-alanoyl-D-glutamate 
endopeptidase and interpeptide bridge endopeptidase, (2) 
amidases  – targeting amide bonds  – including the 
N-acetylmuramoyl-L-alanine amidases and (3) glycosi-
dases – targeting glyosidic bonds – including N-acetyl-β-
D-glucosaminidases, N-acetyl-β-D-muramidases and 
transglycosylases. (Hermoso et al. 2007)
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that targets the cross-link between adjacent stem 
peptides. (III) Glycosidases are the final group 
and hydrolyze glyosidic bonds. Three subgroups 
can be differentiated. The first subgroup 
(N-acetyl-β-D-glucosaminidases; E.C 3.2.1.52) 
cleaves the N-acetylglucosaminyl-β-1-4-N-
acetylmuramine bond on the reducing side of 
GlcNac. Both other subgroups, N-acetyl-β-D-
muramidases (E.C 3.2.1.17, generically also 
termed lysozymes) and lytic transglycosylases 
(E.C. 4.2.2.n1, cleave the N-acetylmuramoyl-β-
1-4- N-acetylmuramine bond on the reducing side 
of MurNAc. In contrary to all other groups, lytic 
transglycosylases are no hydrolases and cleave 
the β-1,4-glycosidic bond by an intramolecular 
reaction, resulting in a N-acetyl-1,6-anhydro- 
muramyl moiety (Hermoso et  al. 2007; Nelson 
et al. 2012; Schmelcher et al. 2012a).

11.3.2  The Structural Properties 
and Function of Endolysins

Next to catalytic diversity, endolysins have a 
remarkable structural diversity, which has a large 
impact on both enzyme kinetics and specificity 
(Oliveira et  al. 2013). The structural variety of 
endolysins is strongly related with the cell wall 
structure and differs for endolysins from phages 
infecting Gram-positive and Gram-negative spe-
cies (Fig.  11.2). The Gram-negative cell wall is 
composed of a CM covered by one to three layers 
of PG and an additional outer membrane (OM). 
The OM is a complex asymmetric membrane fea-
tured by lipopolysaccharide (LPS) molecules 
composed of lipid A, core polysaccharide and 
O-specific polysaccharide. Lipid A generally con-
sists of phosphorylated glucosamine disaccharide 
with fatty acid chains attached, providing hydro-
phobic stabilization of the OM. The anionic phos-
phates of the lipid A and the core polysaccharide 
moieties account for the negative charge of the 
OM and are stabilized by ionic interactions with 

Fig. 11.2 Antimicrobial activity of endolysins and 
Artilysin®s on different cell wall types. Left: The Gram- 
positive bacterial cell wall contains a CM and a thick PG 
layer. As a result, PG of the Gram-positive cell wall is 
readily accessible to exogenously added endolysins (blue) 
making these phage enzymes suitable for the treatment of 
Gram-positive infections. Middle: The Gram-negative 
cell wall is composed of a CM covered by one to three 
layers of PG, and an additional protective outer membrane 
(OM) hindering the access of endolysins to the 

PG.  Artilysin®s (blue) can reach the PG through the 
fusion of an endolysin with an OMP-peptide. First, the 
OMP-peptide acts as a wedge by local and transient mem-
brane destabilization, whereafter the Artilysin® acts simi-
lar as a native endolysin. Right: Mycobacteria consists of 
a mycolyl-arabinogalactan-PG complex. Mycobacterium 
phages produces two lytic enzymes, a PG hydrolase LysA 
(blue) and a lipase LysB (red) targeting the mycolic acids. 
(This figure was originally published in Biochem Soc 
Trans. Gerstmans et al. (2016) © Portland Press Limited)
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divalent cations (Mg2+ and Ca2+). The LPS layer 
serves thus as a barrier for both hydrophobic and 
hydrophilic molecules larger than 600 Da. In con-
trary, Gram-positive bacteria only contain a thick 
PG layer decorated with (lipo)teichoic acids, 
which are linked with the PG and are responsible 
for the overall negative charge of the cell surface 
(reviewed by Nelson et  al. 2012; Schmelcher 
et  al. 2012a). The cell wall of mycobacteria is 
structurally different from Gram- positive and 
Gram-negative bacteria as it comprises an addi-
tional layer composed of mycolyl-arabinogalac-
tan-PG complexes (Brennan 2003).

Endolysins can be divided in globular or mod-
ular enzymes. Modular endolysins are generally 
encoded by phages infecting Gram-positive bac-
teria and mycobacteria, but also by some phages 
infecting Gram-negative bacteria. They are com-
posed of multiple functional domains with sepa-
rate activities: (1) an enzymatically active domain 
(EAD) and (2) a cell wall binding domain (CBD). 
The EAD is responsible for the catalytic action of 
the enzyme, digesting a specific chemical bond 
of PG. A CBD directs an endolysin to its sub-
strate, i.e. the PG layer or a specific cell wall 
ligand such as (lipo)teichoic acids, resulting in an 
increased affinity and substrate proximity 
(Schmelcher et  al. 2012a; Payne et  al. 2013). 
Even after PG degradation, endolysins remain 
attached to the cell debris via their CBD.  This 
may prevent neighboring, potential host cells 
from being damaged by diffusion of released 
endolysin molecules (Loessner et al. 2002). The 
most common architecture of modular endoly-
sins is one or two N-terminal EADs and a 
C-terminal CBD, but the specific composition or 
order of the domains is not universally conserved 
and several exceptions have been reported: the 
CBD can be also located at the N-terminus (e.g. 
most modular endolysins from phages infecting 
Gram-negative bacteria), the CBD can be 
squeezed between two EADs, or can be absent. 
The domains are usually connected by a flexible 
inter-domain linker sequence, which can vary in 
size and ensures an autonomous function of both 
domains (Schmelcher et  al. 2012a; Roach and 
Donovan 2015). A number of 89 different archi-

tectural modular organizations have been 
described, illustrating the high evolutionary 
diversity among endolysins (Oliveira et al. 2013).

Globular endolysins originating from Gram- 
negative infecting phages do not have a CBD and 
consist of a single domain functioning as an EAD 
(Briers et al. 2007). The presence of an OM pre-
venting exogenous cleavage of the PG layer by 
released endolysins and the thin PG layer may 
eliminate the need for a CBD that directs endoly-
sins to the cell wall. Notwithstanding, several 
Gram-negative infecting phages producing mod-
ular enzymes have already been discovered 
(Walmagh et  al. 2012), especially in so-called 
large jumbo phages. These modular endolysins 
consist of N-terminal CBD specific for the con-
served A1γ PG (conserved domains PG_bind-
ing_1 and PG_binding_3) fused to a C-terminal 
EAD (Briers et al. 2009) or two C-terminal EADs 
(Oliveira et al. 2013).

11.4  Preclinical Analysis 
of Enzybiotics 
as Antibacterials

The highly lytic nature of endolysins spurred the 
idea to use them as enzyme-based antibiotics (or 
enzybiotics). Nelson et al. (2001) were the first to 
report that purified recombinant endolysins are 
able to reduce high bacterial numbers in an ani-
mal infection model. In this study, complete erad-
ication of bacteria from the oral mucosa was 
observed 2 h after an oral administration of puri-
fied C1 phage lysin to mice heavily colonized 
with group A streptococci. Since then, numerous 
preclinical studies have demonstrated their 
potential as therapeutic, whereas several con-
cerns related to their proteinaceous nature have 
been rebutted. Whereas initially only Gram- 
positive pathogens were targeted because their 
PG is easily accessible, Gram-negative  pathogens 
can meanwhile also be killed by engineered 
endolysins or endolysins with intrinsic antibacte-
rial activity (Table 11.1).

Enzybiotics have a high specificity, often at 
genus, species or even serovar level. Specificity 
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can be inferred from both domains. E.g. CBDs 
can bind specific ligands such as choline in the 
pneumococcal cell wall (Hermoso et al. 2003) or 
specific substituents of serotype-specific teichoic 
acids of Listeria monocytogenes (Eugster and 
Loessner 2012), whereas some EADs specifi-
cally cleave the pentaglycine crossbridge that 
only occurs in the PG of Staphylococcus aureus 
(Callewaert et  al. 2011). Therefore, enzybiotics 
generally have a narrow spectrum of antibacterial 
activity, leaving commensal flora unaffected in 
contrast to the current, broad-spectrum antibiot-
ics (e.g. penicillin and tetracycline) (Nelson et al. 
2012). Moreover, endolysins have a unique and 
rapid mode-of-action holding several advan-
tages compared to conventional antibiotics. Their 
ability to actively degrade the PG in seconds or 
minutes, depending on the concentration, makes 
them much faster than the existing antibiotics. 
The active degradation of the cell wall renders 
them also effective against persister cells (i.e. 
metabolically inactive cells) (Briers et al. 2014a; 
Gutierrez et  al. 2014; Defraine et  al. 2016). 
Enzybiotics do not require an active metabolism 
in contrast to antibiotics that target essential met-
abolic steps within actively growing bacteria. 
Compared to the rapid mode-of-action of enzybi-
otics, inhibition of such metabolic steps by small 
molecule antibiotics is usually a slow process, 

Table 11.1 Preclinical aspects and observations of enzy-
biotics related to their mode-of-action and proteinaceous 
nature

Aspect Observation
Spectrum of 
activity

Enzybiotics have generally a 
high specificity to genus, species 
or even serovar level. The 
specificity can be adapted by 
protein engineering

Killing rate Enzybiotics are featured by a 
rapid mode-of-action with 
generally killing upon contact 
depending on the dose. This high 
killing rate is explained by the 
enzymatic mode-of-action

Resistance 
development

No resistance development has 
been observed for endolysins 
targeting the conserved PG layer. 
The low resistance development 
profile of enzybiotics can also be 
explained by the high specificity 
and rapid action of endolysins. 
One exception are 
endopeptidases that act on the 
species-specific interpeptide 
cross-bridge

Antibacterial 
synergetic effect 
and resensitization 
of antibiotics

Synergistic effect between two 
endolysins with different 
catalytic specificities or between 
a endolysin and an antibiotic has 
been observed, resulting in a 
faster degradation of the 
substrate or a facilitated 
antibiotic uptake. In some 
combinations, enzybiotics 
resensitize bacteria to antibiotics 
against which they are resistant

Immunogenicity 
of proteins

Neutralizing antibodies can be 
raised against enzybiotics but do 
not completely neutralize in vivo 
or have no significant impact at 
all. This is currently explained 
by the high affinity of CBDs to 
its substrate and the fast kinetics 
of enzybiotics

Allergenicity The proteinaceous nature of 
endolysins may potentially 
induce an allergic reaction, but 
no allergic reaction have been 
observed yet

Half-life Enzybiotics have a short 
half-life, but are functional in 
in vivo models in this short 
frame due to the rapid 
mode-of-action

(continued)

Table 11.1 (continued)

Aspect Observation
Inflammatory 
response

A pro-inflammatory response 
due to cellular debris was not 
observed after single and interval 
administration of endolysin. 
However, an optimal dosing 
regime is required since a 
continuous administration can 
lead to an increased pro- 
inflammatory response

Killing of 
intracellular 
bacteria

Some native endolysins and 
chimeric endolysins are able to 
kill intracellular pathogens. 
Alternatively, endolysins fused 
with protein transduction 
domains penetrate mammalian 
cells and kill intracellular 
bacteria
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eventually leading to cell death after 24–48  h 
(Allison et al. 2011; Briers et al. 2014a).

Endolysin resistance has not been observed 
among strains from diverse sources and resistant 
strains can generally not be selected during 
in vitro experiments in which strains were repeat-
edly exposed to subinhibitory concentrations of 
(engineered) phage endolysins (Fischetti 2005; 
Pastagia et al. 2011; Briers et al. 2014a; Defraine 
et al. 2016). The high specificity and rapid action 
of endolysins, and the immutable nature of the 
PG layer may explain this low probability of 
resistance development against phage endoly-
sins. This beneficial feature supports a prolonged 
use of enzybiotics, even under regimes of 
repeated use. The use of many broad-range anti-
biotics in contrary has led to the selection of 
resistant strains of both target pathogen and com-
mensal bacteria, which is often accelerated by the 
distribution of resistant genes via horizontal gene 
transfer (Johnsborg and Håvarstein 2009). In 
spite of this overall low probability of resistance 
development, an exception of this rule has been 
reported for endolysins that target the pentagly-
cine crossbridge in S. aureus. The strain S. aureus 
Newman developed resistance against both endo-
lysin LysK and bacteriocin lysostaphin. Serial 
exposure (i.e. ten rounds) of S. aureus Newman 
to subinhibitory doses of LysK and lysostaphin in 
liquid culture resulted in a 42-fold and 585-fold 
increases of the minimal inhibition concentration 
(MIC), respectively (Becker et  al. 2016). 
Resistance is acquired by substitution of glycine 
residues of the pentaglycine bridge by serines 
(Climo et  al. 1998). This indicates that endoly-
sins targeting species-specific interpeptide cross-
bridges are susceptible to resistance development 
in contrast to endolysins targeting highly con-
served bonds in the PG layer (i.e. the polysaccha-
ride backbone and amide bond between the 
polysaccharide backbone and the stem peptide). 
Amidases and muramidases for example are the 
most prevalent endolysins targeting these highly 
conserved bonds.

Antibacterial synergistic effects have been 
demonstrated between two or more endolysins or 
between endolysins and other antibacterial agents 
like traditional antibiotics. This synergetic effect 

implies an enhanced and faster degradation of PG 
resulting in an improved antibacterial efficiency, 
a requirement of smaller doses and a potentially 
reduced risk of resistance development 
(Schmelcher et al. 2012b). Synergy between two 
enzymes with different catalytic specificities 
(e.g. pneumococcal phage endolysins CpI-1 and 
Pal, and staphylococcal phage endolysins LysK 
and lysostaphin) can be explained by two possi-
ble mechanisms: either two endolysins simulta-
neously digest a different bond of the PG network, 
resulting in a more extensive degradation or one 
endolysin cleaves the first bond, concurrently 
improving the accessibility for the other endoly-
sin (Loeffler and Fischetti 2003; Becker et  al. 
2008; Schmelcher et  al. 2012b). The synergy 
mechanism between endolysins and antibiotics 
(e.g. the pneumococcal phage lysin Cpl-1 and 
gentamicin) remains unclear but it is proposed 
that partial PG degradation by the endolysin 
facilitates antibiotic uptake. In addition, it has 
been reported that the pneumococcal phage endo-
lysin Cpl-1 can resensitize Streptococcus pneu-
moniae to penicillin against which they are 
resistant. As such, endolysins can slow down the 
emergence of antibiotic-resistant strains 
(Djurkovic et al. 2005; Viertel et al. 2014).

Since PG is a exclusively present in bacteria 
and not in mammalian cells, the risk on cytotoxic 
effects for humans and animals is minimized. 
However, the proteinaceous character of enzybi-
otics may provoke an immune response. In vitro 
and in vivo studies have shown that neutralizing 
antibodies can indeed be raised against endoly-
sins after repeated exposure. These antibodies 
reduce the antibacterial activity of endolysins but 
do not completely neutralize them, while in other 
studies they do not have a significant impact at all 
(Fischetti 2010). Thus, endolysins can be used 
repeatedly to treat the same bacterial infection 
(Jado et  al. 2003; Loeffler and Fischetti 2003; 
Hermoso et al. 2007; Rashel et al. 2007; Zhang 
et al. 2016). These observations may be explained 
by the high affinity of the CBD for its substrate 
(nanomolar range) that exceeds the affinity of 
endolysin-specific antibodies and the fast kinet-
ics of these enzymes that outperform the hosts 
immune response (Loessner et  al. 2002; Jado 
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et al. 2003; Schmelcher et al. 2010). The protein-
aceous nature of endolysins may potentially also 
induce an allergic reaction, but so far no allergic 
reactions have been reported against endolysins 
in two clinical phase I studies with SAL200 
(ClinicalTrials.gov NCT01855048; Jun et  al. 
2017) and CF-301 (ClinicalTrials.gov 
NCT02439359; Cassino 2016).

Proteins, including endolysins, generally have 
a short half-life, which is estimated to be approx-
imately between 4 and 40  min for endolysins 
(Loeffler and Fischetti 2003; Jun et al. 2017). In 
spite of the short half-life, the efficacy of endoly-
sins has been demonstrated in various animal 
models with intravenous administration. Again, 
the fast mode-of-action of enzybiotics appears to 
be of pivotal importance to compensate the short 
half-life. Loeffler et al. (2003) has reported that 
due to the narrow window of action a repeated 
administration was required to make a therapeu-
tic treatment successful.

The release of cellular debris of lysed bacteria 
upon systemic administration of enzybiotics in 
humans or animals may induce a pro- 
inflammatory response. This bacterial cell 
debris includes lipopolysaccharides (LPS), (lipo)
teichoic acids and PG through membrane frag-
mentation and may provoke serious complica-
tions such as a septic shock (Fischetti 2010). 
Entenza et al. (2005) found that rats treated with 
a continuous intravenous infusion of Cpl-1 lysin 
(originating of Streptococcus pneumoniae phage) 
show an increased pro-inflammatory cytokine 
concentration in comparison with untreated rats. 
Witzenrath et  al. (2009) instead reported that 
administration in 12-h intervals of the same 
enzyme reduces cytokine concentrations com-
pared with untreated animals. The latter observa-
tion indicates that there is an optimal dosing for 
endolysins. The optimal dose should suffice to 
digest the PG and to kill the bacterial pathogen 
without additional fragmentation of the PG layer. 
An optimization of the dosing regimen when 
using endolysins in therapeutic applications is 
therefore inevitable (Entenza et  al. 2005; 
Witzenrath et al. 2009; Fischetti 2010).

Initially, it was thought that pathogens that 
propagate and survive intracellularly to evade the 

immune system would be inaccessible for enzy-
biotics. However, recently, both native endoly-
sins (PlyC) and chimeric endolysins (K-L) have 
been shown to eradicate intracellular patho-
gens such as Streptococcus pyogenes and S. 
aureus. Alternatively, the fusion of endolysins 
with protein transduction domains led to func-
tional endolysins that get into mammalian cells 
and kill intracellular bacteria (Becker et al. 2016; 
Shen et al. 2016).

11.5  Endolysins as Therapeutics

11.5.1  Endolysins as Therapeutic 
Agents Against Gram-Positive 
Bacterial Infections

In 2001 the group of Vincent Fischetti demon-
strated that purified recombinant endolysins can 
be used as a preventive and curative agent of 
streptococcal infections in mice. Since then, 
extensive efforts have been done to expand their 
potential as therapeutics including the administra-
tion of enzybiotics in complex environments 
(e.g., blood stream, mucous membranes,…) 
(Schmelcher et  al. 2012a). Various in  vitro and 
in  vivo animal infection models of human dis-
eases demonstrated that the administration of 
purified endolysin to animals infected by Gram- 
positive pathogens (such as Staphylococcus 
aureus, staphylococcus sp., streptococcus sp., 
Bacillus anthracis and Enterococcus sp.) rescues 
them from an otherwise deadly infection (Nelson 
et al. 2001, 2012; Schuch et al. 2002; see Haddad 
et al. 2017 for an overview of all animal models). 
In addition, several protein engineering strategies 
such as mutagenesis, truncation or domain swap-
ping (i.e. chimeric endolysins) are applied to 
improve the antibacterial activity and/or modify 
the specificity and other features (reviewed by 
Gerstmans et  al. 2017). This collection of suc-
cessful reports on the use of recombinant endoly-
sins to combat pathogens inspired to the term 
‘enzybiotics’ (Hermoso et  al. 2007). Below we 
focus on the in  vitro and in  vivo models of all 
(engineered) endolysins that are currently in the 
clinical development stage (Table 11.2).
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11.5.1.1  Enzybiotics in the Clinical 
Pipeline

Enzybiotics are increasingly developed for 
human and veterinary pathogens as pharmaceuti-
cal product (clinical phase II trials are going on 
by ContraFect, Intron Biotechnology, GangaGen, 
Micreos), cosmetic (GladSkin series with 
StaphEfekt™ as functional compound, commer-
cialized by Micreos) and wound care spray 
(Medolysin® based on Artilysins announced by 
Lysando).

CF-301
Endolysin CF-301 from the New  York-based 
company Contrafect has a potent anti- 
staphylococcal activity for the treatment of S. 
aureus bloodstream infections including endo-
carditis and bacteremia. This endolysin, also 
referred to as PlySs2, was identified from a 
Streptococcus suis prophage (Gilmer et al. 2013). 
Schuch et  al. (2014) demonstrated that CF-301 
has a rapid antibacterial activity against S. aureus 
strains, an anti-biofilm activity, and acts synergis-
tically in combination with standard antibiotics. 
CF-301 shows bactericidal activity in  vitro 
against 250 S. aureus strains, including 120 
MRSA isolates and 27 multidrug-resistant 
strains. A more than 3-log reduction in cell num-
ber within 30 min was observed in vitro in con-
trary to antibiotics that required 6–12 h to reach 
similar reduction levels. In vivo, a CF-301 treat-
ment of mice with MRSA bacteremia resulted in 
a 2-log CFU reduction in bloodstream within 1 h. 
In addition, CF-301 (1x MIC) was able to eradi-
cate a S. aureus biofilm in 2  h, whereas high 
doses of antibiotics (1000x MIC) fail. CF-301 
also exhibits a potent in vitro synergy with dapto-
mycin (DAP) (64- to 256-fold increased dapto-
mycin susceptibility) and increased survival in 
bacteremia when combined with vancomycin 
(from 7–31% to 82–90% survival) or DAP (from 
3% to 67% survival) (Schuch et al. 2014). Further, 
a strong post-antibiotic effect (PAE, time period 
to resume normal growth after the antibiotic 
treatment has stopped and the serum concentra-
tion is below the MIC), post-antibiotic sub-MIC 
effect (PA-SME, effect of sub-MICs on bacteria 
during PAE phase) and sub-MIC effect (SME, 

effect of sub-MICs on bacteria without previous 
exposure to suprainhibitory concentrations) has 
been demonstrated for CF-301. An in vitro exper-
iment against a panel of 14 staphylococcal strains 
in human serum indicated a PAE of 4.8  h, a 
PA-SME up to 7.5 h and a SME up to 7.8 h. The 
in vivo PAE tested in a neutropenic mouse thigh 
model significantly exceeds the in  vitro PAE, 
reaching 23–26  h (Schuch 2016). A follow- up 
study of the CF-301 SME reported that the expo-
sure to subinhibitory levels of CF-301 as low as 
0.004x MIC increases antibiotic susceptibility 
(DAP), reduces growth rates (tested in vitro and 
in a neutropenic mouse thigh infection model 
model), decreases biofilm formation and inhibits 
a virulence phenotype (Oh and Schuch 2017).

CF-301 is formulated for intravenous injec-
tion. This endolysin has completed a Phase I trial 
in healthy human volunteers. In the phase I clini-
cal trial (clinicaltrials.gov NCT02439359), a 
placebo-controlled, dose-escalating study (from 
0.04 to 0.4  mg/kg/dose) has been conducted to 
examine the safety and tolerability of single 
intravenous dose of CF-301  in healthy human 
subjects. The clinical data have demonstrated 
that CF-301 is well tolerated and has a good 
safety profile. The latter implies that adverse clin-
ical safety signals (hypersensitivity or serious 
adverse events), acute cardiovascular and inflam-
matory responses were absent (Cassino 2016; 
Jandourek et  al. 2017a, b). To investigate the 
inflammatory response on CF-301, a range of 
inflammatory markers such as the high- sensitivity 
C-reactive protein, the erythrocyte sedimentation 
rate and complement factors Bb, C3a, C5a and 
CH50 were analyzed. No differences between 
placebo and CF-301 injected human subjects 
have been reported (Jandourek et al. 2017b). In 
addition, no clinically relevant changes in sys-
tolic and diastolic blood pressure, heart rate and 
QT were found in PK/PD models based on the 
clinical phase I data (Ghahramani et al. 2017).

N-Rephasin®SAL200
SAL200 with anti-staphylococcal activity (com-
mercial name: N-Rephasin®) is developed by 
Intron Biotechnology. SAL200 is the recombi-
nant variant of endolysin SAL-1 that is derived 
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from the staphylococcus phage SAP-1. A stabi-
lizing formulation containing 0.01 M L-histidine 
(pH 6.0), 5% (w/v) sorbitol, 10 mM CaCl2 and 
0.1% (w/v) Poloxamer 188 was developed for 
human application. Initial in  vitro experiments 
with the formulated SAL200 demonstrated a 
rapid and effective antibacterial activity against a 
panel of clinical and biofilm-forming S. aureus 
isolates. A daily intravenous administration of 
formulated SAL200 during 3  days in mice 
infected with MRSA significantly increased their 
survival rate. No bacteria could be detected in 
blood and splenic tissue of mice treated with 
SAL200  in contrary to the control group (Jun 
et  al. 2013). In addition, GLP-compliant safety 
evaluation studies of intravenously administered 
SAL200 have been executed on rats and dogs, 
including toxicity, central nervous system, respi-
ratory, and cardiovascular function tests. Both, 
single-dose and repeated-dose (one dose per day 
for a period of 4 weeks) toxicity tests in rats does 
not result in adverse clinical effects related with 
the administration. Similar to rats, repeated dose 
toxicity tests were conducted in dogs. After a 
2  week treatment, dogs showed no changes in 
body weight, food consumption, ophthalmology, 
electrocardiography, hematology, serum bio-
chemistry, organ weight or urinalysis. However, 
from 10  days after the first treatment, clinical 
signs such as subdued behavior, prone position, 
irregular respiration, and vomiting have been 
reported in dogs but were transient and mild. 
These clinical signs were resolved 30 min to 1 h 
after each new injection. In the safety pharmacol-
ogy studies, no adverse effects were observed in 
the central nervous, respiratory and function 
tests. Also in the cardiovascular function tests 
there were no adverse events or laboratory abnor-
malities observed by the first and second admin-
istration. However, mild and transient changes 
were observed upon the third and fourth injection 
but again, the signs were resolved 6  h after 
administration. Further investigation has demon-
strated that a repeated administration of SAL200 
elicit an immune response in both dogs (14 days) 
and rats (28 days), observed by the presence of 
anti-SAL-1 antibodies (Jun et al. 2014). In addi-
tion, a reduction in blood C3 complement was 

observed in the exposed dogs. C3 complement 
proteins support antibodies and phagocytic cells 
by killing foreign invaders and thus play an 
important role in the innate immune system. 
However, it is unclear whether this response was 
due to the residual lipopolysaccharide endotoxin 
in the recombinant protein preparation or to the 
enzyme itself. After these preclinical tests, the 
pharmacokinetics of SAL200 have been studied 
by an intravenous administration in monkeys. 
SAL200 was well tolerated and no adverse events 
or laboratory abnormalities were observed when 
injected as a single dose administration (up to 
80 mg/kg body weight) or as a 5-day multiple- 
dose administration (up to 40  mg/kg per day) 
(Jun et al. 2016).

Based on these data, SAL200 entered phase 1 
clinical trial (ClinicalTrials.gov NCT01855048, 
results published in Jun et al. 2017) to evaluate 
the safety, pharmacokinetics and pharmacody-
namics of intravenous medication SAL200  in 
healthy men. After an intravenous infusion of 
single ascending doses, SAL 200 was well toler-
ated and no severe adverse events or clinically 
significant values were observed and all present 
clinical signs including fatigue, rigors, headache, 
and myalgia were transient, self-limiting, and 
mild. However, as expected the humoral immune 
response was induced and antibodies ranging 
from 2 to 12  μg/ml were formed against the 
recombinant endolysin SAL200. Also the phar-
macokinetics and pharmacodynamics analysis 
support the potential use of SAL200 as new 
endolysin-based therapeutic drug. The antibacte-
rial activity in blood has been assessed with an 
ex  vivo blood assay using blood samples col-
lected from all active pharmaceutical ingredient- 
treated participants 1  h after injection. These 
blood samples were spotted on a lawn of S. 
aureus bacteria and compared with a standard 
series of SAL200. These studies ensure that a 
dosing regimen of more than 1 mg/kg of SAL200 
is a viable treatment because of the following 
observations: (I) The blood SAL200 concentra-
tion was greater than 0.078 μg/ml in all collected 
blood samples 1  h after injection, which is the 
minimum bactericidal concentration to kill a bac-
terial population of 1 × 106  CFU/ml in serum 
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environment. (II) The time to reduce the optical 
density of the initial bacterial suspension with 
50% (TOD50, equivalent to one-half log drop in 
initial viable bacteria) was less than 10 min (Jun 
et al. 2017).

P128
The company Gangagen (India) created the engi-
neered enzybiotic P128 for intranasal use against 
S. aureus. P128 is a chimeric protein that com-
bines the phage tail-associated catalytic domain 
Lys16 of staphylococcus phage K with the well- 
known staphylococcal cell wall binding SH3b 
domain from lysostaphin. In an initial in  vitro 
experiment, S. aureus was found to be effective 
(>99% reduction of cell numbers) against a panel 
of S. aureus clinical strains, including MRSA, 
methicillin-sensitive S. aureus (MSSA), and a 
mupirocin-resistant S. aureus (Paul et  al. 2011; 
Vipra et al. 2012). George et al. (2012) confirmed 
the stable activity of P128 in body fluids such as 
blood, plasma and normal and hyperimmune sera 
and demonstrated that P128 has no cytotoxic 
effects on mammalian cells, indicating the 
potency of P128 as antibacterial agent. To evalu-
ate the in vivo efficiency, P128 was formulated as 
a hydrogel and tested in a nasal rat colonization 
model using MRSA USA300. Rats treated with 
the P128 hydrogel were either completely decol-
onized (four out of the nine rats) or the bacterial 
cell numbers were significantly reduced (Paul 
et  al. 2011). A study on dogs diagnosed with a 
canine staphylococcal pyoderma skin infection 
further demonstrated the clinical efficiency of 
P128. Nearly 5–6 log reduction was seen in vitro 
upon P128 treatment on canine pyoderma iso-
lates. Further, a case study with 17 dogs suffering 
from canine pyoderma were treated twice daily 
for 8 days with hydrogel P128. All lesions of the 
dogs under treatment healed completely after 
treatment and no recurrence of the symptoms 
occurred within 2 months (Junjappa et al. 2013). 
In addition, two studies have reported P128 as 
effective antibiofilm agent against sinus-derived 
clinical S. aureus isolates (Drilling et  al. 2016) 
and coagulase-negative staphylococci (CoNS), 
the major cause of catheter-related bloodstream 
infections (Poonacha et al. 2017). The latter study 

revealed that P128 has a potent efficiency against 
both planktonic cells, biofilms and persister cells 
of three CoNS species S. epidermidis, S. haemo-
lyticus, and S. lugdunensis. Moreover, the combi-
nation of P128 and the selected antibiotics 
(vancomycin, daptomycin, linezolid) showed a 
high synergistic inhibition of these staphylococ-
cal strains (Poonacha et al. 2017). A renal abscess 
rat model was used to evaluate the efficiency of 
P128 against S. aureus bacteremia and its poten-
tial hypersensitivity reactions. Rats injected with 
a single intravenous dose of P128 up to 12.0 mg/
kg and re-injected after a 15 day resting period 
showed no abnormal clinical signs of Type I 
hypersensitivity (anaphylaxis) in contrary to the 
positive control group injected with ovalbumin, 
an agent that causes anaphylaxis. In addition, no 
P128-related tissue injury (vasculitis or glomeru-
lonephritis) typical for type III hypersensitivity 
was observed. As expected, low titers of anti-
 P128 antibodies were raised in the P128-dosed 
animals. Notwithstanding this, the concentration 
of a single intravenous bolus dose of 2.5 mg/kg in 
rats remains above the minimal inhibitory con-
centration (4 μg/mL) for 15 min. In addition, a 
single dose of P128 (2.5 mg/kg) was efficacious 
in rescuing animals from fatal MRSA USA300 
bacteremia and prevents formation of renal 
abscesses (Channabasappa et al. 2017). Based on 
these data, a second preclinical study was started 
to evaluate pharmacokinetics and efficacy of 
P128 in a neutropenic mouse model of bactere-
mia. A single bolus (10, 30 and 60  mg/kg) of 
P138 was intravenously administered and caused 
a rapid and dose-dependent antibacterial activity. 
A maximum bactericidal effect was detected for 
all test dose levels after 30 mins and the cell num-
bers remain low after 24 h. Finally, the half-life 
was determined between 5.2 h (30 mg/kg dose) – 
5.6 h (60 mg/kg dose) (Sriram et al. 2017).

Staphefekt™
In 2013, Micreos Human Health BV (the 
Netherlands) launched Staphefekt™, a recombi-
nant staphylococcal phage endolysin, which is 
the functional compound in the cetomacrogol- 
based cream and the gel-based Gladskin series. 
These products are promoted by Micreos for the 
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treatment of various inflammatory skin infections 
provoked by S. aureus by humans such as eczema, 
rosacea, skin irritation and inflammatory acne. 
The Gladskin products are currently registered as 
a (class I) medical device and are prescription- 
free available on the market in Europe. In a case 
study, three human objects suffering from S. 
aureus-related dermatoses were treated with 
Staphefekt™ resulting in a clinically relevant 
reduction of S. aureus on the skin. However, the 
clinical symptoms quickly recurred after stop-
ping the treatment with Staphefekt™ (Totté et al. 
2017).

11.5.2  Enzybiotics Against Gram- 
Negative Bacteria

Gram-negative bacteria have a protective outer 
membrane (OM) that shields the access to the 
cell for both hydrophobic and hydrophilic mole-
cules, including endolysins. The outer membrane 
comprises a lipopolysaccharide (LPS) layer 
which is typically stabilized by electrostatic 
interactions between divalent cations and anionic 
phosphates and hydrophobic stacking of the fatty 
acids of the lipid A moiety of the LPS molecules. 
The presence of this membrane generally 
excludes Gram-negative bacteria from being 
killed by exogenously added endolysins.

Notwithstanding this largely impermeable 
barrier, some endolysins can permeate to a cer-
tain extent the OM of Gram-negative bacteria. 
Especially Acinetobacter baumannii appears to 
be sensitive to a number of such endolysins 
including LysAB3 and LysAB4 (Lai et al. 2013), 
PlyAB1 (Huang et  al. 2014), PlyF307 (Lood 
et  al. 2015), LysABP-01 (Thummeepak et  al. 
2016), ABgp46 (Oliveira et  al. 2016) and 
LysPA26 (Guo et al. 2017). However, higher con-
centrations of those endolysins appear to be 
needed to kill Gram-negative bacteria (100–
500 μg/ml) compared to Gram-positive bacteria 
(<10 μg/ml), indicating that this OM still hinders 
the passage of endolysin (Lim et  al. 2014; 
Thummeepak et al. 2016; Shavrina et al. 2016). 
PlyF307 has a high bactericidal activity (>5 log 
reduction in cell number) against all tested clini-

cal A. baumannii strains. Further, a treatment 
with PlyF307 (100 μg/ml) resulted in a signifi-
cant reduction of planktonic and biofilm A. bau-
mannii (~2-log reduction in colonizing bacteria) 
both in  vitro and in  vivo. Finally, PlyF307 
increased survival of mice with lethal A. bauman-
nii bacteremia with 50% (Lood et  al. 2015). 
Recent studies focusing on antimicrobial pep-
tides (AMPs) reported that several endolysin- 
derived peptides have physicochemical properties 
to disrupt and penetrate the Gram-negative OM 
and function as potent antibacterials (Thandar 
et al. 2016). Further, different compounds facili-
tate the passage of endolysins through the 
OM. Aromatic essential oils (carvacrol) disinte-
grate the OM by inducing LPS release (Diez- 
Martinez et  al. 2013), chelating agents (EDTA) 
capture the stabilizing divalent cations from their 
binding sites (Briers et al. 2007) and polycationic 
compounds (polymyxin E) competitively dis-
place the divalent cations (Mg2+ and Ca2+) (Vaara 
1993; Thummeepak et  al. 2016). Another 
approach is the use of high hydrostatic pressure 
(HHP) to permeabilize the OM for endolysins 
(Briers et al. 2008). However, this approach may 
only find application in the food sector for prod-
ucts that cannot be pasteurized (e.g. oysters, gua-
camole) and are mostly not suitable for 
therapeutic applications.

We reported the development of Artilysin®s 
(Briers et al. 2014a). Artilysins are protein engi-
neered endolysins that kill Gram-negative bacte-
ria. The Artilysin® structure is based on a fusion 
of a selected endolysin and a specific outer mem-
brane permeabilizing (OMP-)peptide. This OMP-
peptide has physicochemical properties that 
interferes with the stabilizing forces of the LPS 
layer in the OM.  OMP-peptides may comprise 
cationic and hydrophobic amino acids, giving 
them a polycationic or amphipathic nature. The 
OMP-peptide locally and transiently  destabilizes 
the outer membrane for endolysin passage to the 
periplasm. Once the Artilysin® reaches the peri-
plasm, they act similarly to a native endolysin: the 
CBD binds its target (specifically, the PG_1 and 
PG_3 CBDs bind PG with chemotype A1γ) and 
the EAD cleaves specific bonds of the PG, eventu-
ally resulting in osmotic lysis of the bacterial cell. 
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OM permeabilizers, such as EDTA, can further 
enhance the antibacterial activity of Artilysin®s 
(Briers et al. 2014a, b).

The best described Artilysin® is Artilysin-175 
(Art-175). Art-175 is a fusion of the broad- 
spectrum sheep myeloid-29 acid (SMAP-29) 
peptide to the Gram-negative specific endolysin 
KZ144. The endolysin moiety has been further 
modified by site-specific mutations of three cys-
teines to serines to create a more stable and 
active Artilysin®. Art-175 has a high bacteri-
cidal effect (>4 log reduction in cell number 
after 30  min) against all tested P. aeruginosa 
strains, including environmental, clinical and 
multidrug-resistant strains. Art-175 is also 
highly bactericidal against multidrug-resistant 
Acinetobacter baumannii, including their per-
sisters, resulting in a complete eradication of 
bacterial cultures (up to 8 log reduction) 
(Defraine et al. 2016). To assess potential resis-
tance development, three different P. aeruginosa 
strains were serially exposed to subinhibitory 
doses of Art-175. Similar to endolysins, the 
highly selective pressure of the subinhibitory 
doses did not lead to the recovery of resistant 
variants after 20 cycles in contrast to when con-
trol antibiotics are used. In addition, no cross-
resistance against Art-175 could be observed 
with thirteen prevalent resistance mechanisms, 
including colistin (Schirmeier et al. 2018). Art-
175 shows no cytotoxicity against mouse con-
nective tissue fibroblasts. These data indicate 
that Art-175 is well suited for a broad range of 
applications in hygiene, veterinary and humane 
medicine, including persister-driven chronic 
infections. Persisters are insensitive to tradi-
tional antibiotics, because they have shut down 
essential metabolic processes targeted by those 
antibiotics. Metabolically inactive persisters 
cells likely remain susceptible to Art-175 
because of its active mode of action (i.e. enzy-
matic PG degradation), while traditional antibi-
otics rely on a passive inhibition mechanism.

In vivo efficiency of Art-085 (a fusion of 
OMP-peptide SMAP-29 and endolysin KZ144, 
similar to Art-175 but without mutations) has 
been reported in two dogs with otitis that not 
could be healed with standard antibiotics. Three 

different P. aeruginosa strains and one 
β-hemolytic Streptococcus sp. were identified in 
both ears of the first dog diagnosed with otitis 
externa. The dog recovered completely after a 
systematic treatment of Art-085 (three doses of 
Art-085 the 1st day followed by one daily dose 
during 6  days) without relapse. Similar results 
have been observed with the second dog suffer-
ing from media purulenta. Two different P. aeru-
ginosa strains and one Proteus mirabilis strain 
were identified in both ears and a 3-week treat-
ment with marbofloxacin showed no observable 
effect. Again, systematic treatment of Art-085 
(seven treatments with Art-085 within 1 day and 
administration of three additional doses at day 7 
and 8) was effective. After 2  weeks no relapse 
was observed (Briers and Lavigne 2015).

LoGT-008, which comprises a polycationic 
nonapeptide fused to the endolysin PVP- 
SE1gp146, was evaluated in two infection mod-
els. Human keratinocytes were cultured in vitro 
and infected by P. aeruginosa, mimicking barrier- 
disrupted, infected skin wounds as in burns. 
LoGT-008 could fully protect the cultured human 
keratinocytes monolayer infected with the highly 
virulent P. aeruginosa strain PA14, which is oth-
erwise lethal. No cytotoxic effects were observed. 
Antibacterial killing of P. aeruginosa strain PA14 
was confirmed using a simple in  vivo 
Caenorhabditis elegans infection model. 
Treatment with LoGT-008 led to an increased 
survival rate (63%) in comparison with the 
untreated worms (10%) and ciprofloxacin (45%) 
(Briers et al. 2014b).

Lysando AG commercializes Artilysin®s and 
reports about the development of a wound care 
spray. The spray supports the healing process by 
creating an optimum moisture and a protective 
film and has bactericidal activity against patho-
gens. In a study to determine the efficacy of the 
wound spray, a group of human subjects was 
daily treated for a long period (>30  days). For 
90% of the patients, the wound healing process 
started immediately after application and the 
wound sizes were reduced. Within 30 days, com-
plete healing of the wounds was detected for 40% 
of the human subjects. One of the patients that 
has been treated with the wound spray was a 
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coma patient with severe decubitus that was 
chronically infected by MRSA. After a few days, 
signs of healing were described and complete 
wound healing appeared after 10  months 
(Lysando 2017).

Artilysation or modifying the properties of an 
endolysin by fusion with a specific peptide can 
also be used to improve the properties of Gram- 
positive- specific endolysins. Artilysin-240 (Art- 
240), a fusion of a polycationic nonapeptide 
fused to the C-terminus of endolysin λSa2lys has 
an increased in vitro antibacterial activity against 
stationary streptococci cells. A 0.5–1.5 higher log 
reduction in bacterial cell number was observed 
compared to λSa2lys. Moreover, Art-240 has an 
increased enzymatic activity over a broader range 
of pH values and NaCl conditions compared to 
endolysin λSa2lys. Further experiments demon-
strate that Art-240 has a twofold higher killing 
rate causing a 1.7-log reduction in cell number 
after 5  min whereas λSa2lys needs 30  min to 
cause the same reduction in cell number. In addi-
tion, a 4 to 12-fold reduced dose of Art-240 is 
required to achieve the same bactericidal effect as 
the native endolysin (e.g. 12.5 nM of Art-240 and 
150 nM of λSa2lys are needed for a 2-log reduc-
tion). The positive charges of the fused polyca-
tionic nonapeptide, acting as an additional and 
local positive anchor, likely strengthen the inter-
actions of Art-240 with the anionic phosphate 
groups in teichoic acids present on the cell sur-
face (Rodríguez-Rubio et al. 2016).

11.5.3  Endolysins Active 
Against Mycobacteria

Mycobacterium tuberculosis, the causative agent 
of tuberculosis, poses a major threat because of 
the emergence of drug-resistant mycobacteria and 
the lack of effective therapies. The mycobacterial 
outer membrane possesses a mycolyl- 
arabinogalactan- PG complex composed of an 
inner PG layer (first barrier) that is covalently 
attached to arabinogalactan (AG), which in turn is 
esterified with a mycolic acid rich layer. The latter 
layer provides mycobacteria of a second, lipid 
barrier (Brennan 2003). In nature, mycobacterio-

phages attack both barriers from within by pro-
ducing two cell wall hydrolytic enzymes, LysA 
and LysB. LysA is a PG hydrolase that degrades 
the PG layer and LysB is an enzyme with lipolytic 
activity that completes lysis by cleaving the link-
age between the mycolic acids and the arabinoga-
lactan layer (Gil et al. 2008; Payne et al. 2009). 
The presence of this mycolyl- arabinogalactan 
layer partly restricts access of endolysins (LysA) 
to the PG layer when added exogenously (Payne 
et al. 2009; Grover et al. 2014).

The past few years, mycobacteriophage- 
derived endolysins were isolated and tested 
against cell wall components of different myco-
bacteria strains. Catalão et  al. (2011) examined 
the endolysin LysA derived from mycobacterio-
phage Ms6. Close inspection of the lysA gene 
revealed a shorter open reading frame entirely 
embedded in the same reading frame, encoding a 
second functional PG hydrolase. E. coli crude 
extracts that contain one of both lysins were spot-
ted onto a bacterial lawn of test strains and inhib-
ited bacterial growth of Gram-positive bacteria 
and mycobacteria. Grover et al. (2014) have dem-
onstrated the bacteriostatic activity of LysB (iso-
lated from two different mycobacteriophages 
Bxz2 and Ms6) against M. smegmatis in combi-
nation with surfactants. The presence of surfac-
tants eliminates artifacts due to cell aggregation 
and facilitates the activity of LysB. The bacterio-
static activity of LysB was highest in the pres-
ence of Tween 80. This additional anti-bacterial 
effect can be explained by the oleic acid release 
due to LysB-mediated hydrolysis of Tween 80 
(Grover et al. 2014).

11.6  Conclusion

The rise of multidrug-resistant and pandrug- 
resistant pathogens and the lack of new antibiotics 
has accelerated the research focus towards enzy-
biotics as potent antibiotic alternatives. Their high 
antibacterial activity against multidrug- resistant 
strains and persisters, low resistance development 
profile, anti-biofilm activity and synergy with 
antibiotics makes enzybiotics a promising candi-
date to use as novel therapeutics for human and 
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animal health. Numerous preclinical studies have 
already demonstrated the potential of (engi-
neered) endolysins to combat Gram-positive and 
Gram-negative pathogens and initial research has 
been done to extend enzybiotics towards myco-
bacteria. Currently, different lead enzybiotics are 
in the clinical development stage. Considering the 
fact that different clinical trials are still in prog-
ress, we expect that new clinical developments 
will be revealed in the near future.
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Abstract
Hyaluronidases are enzymes that degrade hyal-
uronic acid, which constitutes an essential part 
of the extracellular matrix. Initially discovered 
in bacteria, hyaluronidases are known to be 
widely distributed in nature and have been 
found in many classes including insects, snakes, 
fish and mammals. In the human, six different 
hyaluronidases, HYAL1-4, HYAL-P1 and 
PH-20, have been identified. PH-20 exerts the 
strongest biologic activity, is found in high con-
centrations in the testicles and can be localized 
on the head and the acrosome of human sper-
matozoa. Today, animal-derived bovine or 
ovine testicular hyaluronidases as well as syn-
thetic hyaluronidases are clinically applied as 
adjuncts to increase the bioavailability of drugs, 
for the therapy of extravasations, or for the 

management of complications associated with 
the aesthetic injection of hyaluronic acid-based 
fillers. Further applications in the fields of sur-
gery, aesthetic medicine, immunology, oncol-
ogy, and many others can be expected for years 
to come. Here, we give an overview over the 
molecular and cellular mode of action of hyal-
uronidase and the hyaluronic acid metabolism, 
as well as over current and potential future clin-
ical applications of hyaluronidase.
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Ig Immunoglobulin
IGSC Subcutaneous immunoglobulins
IU International units
JUV Juvederm®

kDA Kilodalton
l Liter
LA Local anesthetic
mAb Monoclonal antibody
ml Milliliter
μm Micrometer
OTH Ovine testicular hyaluronidase
PEGPH20  PEGylated recombinant human 

hyaluronidase
PG Proteoglycan
RES Restylane®

rHuPH20  Recombinant human 
hyaluronidase

S. aureus Staphylococcus aureus

12.1  Introduction

In 1942 Duran-Reynals published the first com-
prehensive review on the interplay of hyaluron-
idase (hyase, HYAL) and hyaluronic acid 
(hyaluronan, HA) entitled “Tissue permeability 
and the spreading factors in infection” (Duran- 
Reynals 1942). Five years later Karl Meyer 
published a physiological review on “The bio-
logical significance of hyaluronic acid and 
hyaluronidase” (Meyer 1947). Thereafter more 
than 10,000 scientific publications can be found 
when the search term “hyaluronidase” is 
entered in the US-National Institute of Health’s 
PubMed.gov. Duran-Reynals as well as Meyer 
precisely described the fundamental function 
and interactions of hyaluronan and hyaluroni-
dases that have remained the basis for all find-
ings published until today (McClean 1941; 
Meyer 1947; Duran- Reynals 1942; Kreil 1995): 
Hyaluronan is a proteoglycan of high molecular 
weight (102–104  kDa) with 2000–25,000 
repeating disaccharide units and an extended 
length of 2–25  μm (Fraser et  al. 1997) 
(Fig. 12.1). It is an essential part of the extra-
cellular matrix (ECM), which is composed of a 

complex network of fibrous proteins such as 
collagen and elastin and proteoglycans (PGs) to 
which characteristic glycosaminoglycan (GAG) 
chains are attached. Together the structural 
framework and components of the extracellular 
matrix play an important role in the regulation 
of cellular proliferation, adhesion and migra-
tion (Bissell et  al. 1982). Via the secretion of 
various chemokines, cytokines and growth fac-
tors there is a constant physicochemical inter-
action between the extracellular matrix and 
involved cells, constituting a dynamic micromi-
lieu with various functional states (Wohlrab 
et  al. 2014). The metabolism of hyaluronan is 
tightly regulated by the interplay of synthetiz-
ing enzymes, hyaluronan synthases (HAS), on 
the one hand and degrading enzymes, hyaluron-
idases (HYAL), on the other hand (Meyer 1947; 
Menzel and Farr 1998). The enzyme hyaluroni-
dase was initially identified in autolysates of 
pneumococci. Moreover, hyaluronidases were 
found in Staphylococcus aureus (S. aureus) and 
other bacteria, in venoms of bees and snakes, 
including rattlesnake and copperhead, as well 
as in venom and sperm of various other species 
(Meyer 1947). The high concentration of hyal-
uronidase in the acrosome and membrane of 
spermatozoa correlates to the discovery of the 
activity of hyaluronidase as a so called “spread-
ing factor” through analysis of testicular 
extracts by Duran-Reynals and others (Martin- 
Deleon 2011; Duran-Reynals 1942).

Today, animal-derived as well as synthetic 
hyaluronidases are clinically applied as adjuncts 
to increase the spreading or delivery of drugs, 
including local anesthetics (LA) or immuno-
globulins (Igs). In addition, hyaluronidases are 
used for extravasation management. Finally, 
hyaluronidases are considered a standard of 
care for the management of complications asso-
ciated with the aesthetic injection of hyaluro-
nan-based fillers (Lv et al. 2015; Buhren et al. 
2016). This review aims to give an overview of 
the molecular and cellular mode of action as 
well as the current and potential future clinical 
applications of hyaluronidase.
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12.2  The Hyaluronan Metabolism

Hyaluronan is a polysaccharide that consists of 
the repeating disaccharide N-Acetyl-D- 
glucosamine and D-glucuronic acid: (-3)-β-D-N- 
acetylglucosamine-β(1 ,4)-D-glucuronic 
acid-β(1-) (Fig. 12.1). With a polymer length of 
up to 25 μm it is the largest polysaccharide found 
in vertebrates and is characterized by a high 
degree of polymerization (Fraser et  al. 1997; 
Hascall and Esko 2015; Bohaumilitzky et  al. 
2017). This polymerization contributes to a high 
intrinsic viscosity of HA-solutions (Menzel and 
Farr 1998). It is estimated that the adult human 
body contains a total of 12–15 g of hyaluronan 
with more than 50% occurring in the skin 
(Bohaumilitzky et al. 2017). Moreover, hyaluro-
nan is found in high concentrations in synovial 
fluids and joint tissues, as well as in the eye 

(Hascall and Esko 2015; Buhren et  al. 2016; 
Meyer 1947). In the skin hyaluronan is primarily 
found in the dermis (Tammi et  al. 1988; Juhlin 
1997; Laurent and Fraser 1992; Buhren et  al. 
2016). It is extremely hygroscopic. Each disac-
charide unit can bind 15 molecules of water, 
allowing 1 g of hyaluronan to bind an estimated 
16  l of water (Bohaumilitzky et  al. 2017). This 
high hydration capacity significantly contributes 
to the viscoelastic properties of the skin (Buhren 
et  al. 2016; Juhlin 1997; Wohlrab et  al. 2014). 
Hyaluronan is involved in a large number of 
physiological and pathophysiological processes 
such as mechanical tissue characteristics, the 
regulation of proliferation and differentiation of 
various cell types, as well as metabolism and cell 
transport. The cellular effects of hyaluronan are 
to a great extend mediated by the binding of 
exogenous hyaluronan or hyaluronan fragments 

Fig. 12.1 Structure of hyaluronic acid and cleavage by 
hyaluronidase. Hyaluronic acid is a polysaccharide that 
consists of the repeating disaccharide D-glucuronic acid 

and N-Acetyl-D-glucosamine. Hyaluronidase cleaves its 
β1,4-glycosidic bonds
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to cell surface receptors, most notably CD44 or 
RHAMM (Csoka et  al. 1997; Menzel and Farr 
1998; Lokeshwar et al. 2001; Aruffo et al. 1990; 
Kreil 1995). Upon binding CD44 can mediate the 
endocytosis of hyaluronan, which is then hydro-
lysed by lysosomal hyaluronidase. Activation of 
CD44 can mediate cellular proliferation, cyto-
kine production or cellular attachment on the 
one, but also metastatic spread of tumor cells on 
the other hand (Menzel and Farr 1998).

The half-life of non-stabilized, physiological 
hyaluronan in skin is about 24 h (Bohaumilitzky 
et al. 2017). Its degradation is mediated either by 
radical scission through reactive oxygen species 
(ROS) or by enzymatic cleavage. Regarding 
enzymatic synthetization in mammals three dif-
ferent hyaluronan synthases, HAS1, HAS2 and 
HAS3, are known (Weigel 2015). Concerning the 
hyaluronan-degrading hyaluronidases, six rele-
vant gene loci on two chromosomes have been 
identified so far: the HYAL1, HYAL2 and 
HYAL3 genes on chromosome 3q21.3 and 
(Hyal-) PH20, HYAL4 and HYAL-P1 on chro-
mosome 7q31.3 (Bertolami and Donoff 1982). 
For the human metabolome mainly HYAL1 
(plasma hyaluronidase), HYAL2 (lysosomal 
hyaluronidase) and PH20 (sperm hyaluronidase) 
are of functional relevance (Kreil 1995).

12.3  Types and Functions 
of Hyaluronidases

Corresponding to their enzymatic properties and 
modus of splitting hyaluronan, as well as to their 
descent, hyaluronidases can be classified into 
three main groups: (i) hyaluronoglucosaminidase 
or “testicular-type hyaluronidase” (hyaluronate 
4-glycanohydrolase, EC 3.2.1.35), (ii) hyaluro-
nate glycanohydrolase or “leech-type hyaluroni-
dase” (EC 3.2.1.36), and (iii) hyaluronate lyase 
or “bacterial-type hyaluronidase” (EC 4.2.99.1) 
(Kreil 1995; Menzel and Farr 1998). As noted 
before, mammalian, “testicular-type” hyaluro-
nate 4-glycanohydrolase is present in mamma-
lian spermatozoa but also in venoms of 
hymenoptera or snakes (Kreil 1995). The high 
enzyme activity in animal testicles has been 

described as early as 1928 by Duran-Reynals and 
has led to the definition of hyaluronidase as 
“spreading factor” (McClean 1941).

Human hyaluronidases are all β,1-4 endoglu-
cosaminidases that cleave the β-N-acetyl- 
hexosamine-glycosidic bonds of hyaluronan 
(Fig. 12.1). They can furthermore be categorized 
according to their pH-dependent activity. Acidic 
hyaluronidases are active at a pH of 3–4 and 
include HYAL1, HYAL2, HYAL3 and HYAL4. 
PH20 is considered a neutral hyaluronidase and 
is active at pH 5–8 (Bohaumilitzky et al. 2017).

The most active human hyaluronidase is 
PH20 (sperm adhesion molecule 1, SPAM 1) 
which is involved in the process of fertilization 
and which is located on the head and the acro-
some of human spermatozoa. PH20 can 
degrade the hyaluronan- rich matrix of the 
cumulus oophorus and enable sperm adhesion 
and penetration (Lv et  al. 2015; Kreil 1995). 
Human plasma hyaluronidase (HYAL1) is 
ubiquitous in somatic tissues. It is the main 
hyaluronidase for the catabolism of hyaluronan 
in the extracellular matrix. Furthermore, it is 
associated with tumor biology, lysosomal stor-
age disorders, and wound healing (Lv et  al. 
2015). Lysosomal hyaluronidase (HYAL2) is 
also widely expressed. It is localized in lyso-
somes or on the cell membrane. HYAL2 has 
been associated with tumor biology and angio-
genesis (Bohaumilitzky et  al. 2017; Lv et  al. 
2015). Hyaluronidases mediate a wide range of 
their biological effects indirectly via the gen-
eration of bioactive hyaluronan fragments of 
different sizes. In general, high molecular 
weight hyaluronan of >1000 kDa is proposed 
to be rather homeostatic. It has been shown to 
act rather anti- inflammatory, anti-proliferative 
and anti- angiogenic, and to be associated to 
wound healing processes. HA-breakdown 
products of medium (250–1000 kDa), low (10–
250 kDa) or oligomeric size (<10 kDa) can be 
regarded as cellular alarm signals and have 
been associated with diverse effects including 
a pro- as well as anti- tumor activity 
(Bohaumilitzky et al. 2017; Stern et al. 2006). 
With regard to the central role of hyaluroni-
dases for the generation of HA-breakdown 
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fragments data on the controversial roles of 
HYAL1 and HYAL2 in tumorigenesis are com-
plex and have extensively been reviewed by 
Lokeshwar and others (Lokeshwar and Selzer 
2008). As compared to HYAL1, HYAL2 and 
PH20 the proposed biological activity and 
functional importance of HYAL3 and HYAL4 
are low. HYAL3 is regarded as a non- enzymatic 
regulator of HYAL1 (Atmuri et  al. 2008), 
whereas HYAL4 is proposed to be a chondroi-
tinase without any activity against hyaluronate 
(Bohaumilitzky et al. 2017).

To conclude, hyaluronan, hyaluronan metabo-
lizing enzymes and hyaluronan fragments have 
been associated with various physiological and 
pathological processes such as mechanical tissue 
characteristics, hydration and aging, fertilization 
and embryogenesis, proliferation, differentiation 
and wound healing as well as tumor biology 
(Hyde and Old 1999; Bohaumilitzky et al. 2017; 
Dai et al. 2007; Stern 2008; Fronza et al. 2014). 
Accordingly, different modes of action can be of 
interest for the therapeutic use of hyaluronidase 
(Herman and Castellot 1987). These could be 
categorized as follows: (1) targeted degradation 
of hyaluronan in order to manipulate structural 
tissue characteristics, (2) targeted degradation of 
hyaluronan in order to alter the diffusion proper-
ties of tissue, and (3) targeted reduction of the 
chain lengths of hyaluronan in order to exploit 
metabolic effects.

12.4  Therapeutic Use 
of Hyaluronidase

Succeeding the early discovery of the biological 
activity of hyaluronidase the enzymatic protein 
has been identified, characterized and developed 
for therapeutic use (Schoog 1951; Soldi 1951; 
Perrault and Housset 1952; Schonenberg 1952). 
To begin with, inspired by the diffusion enhanc-
ing effect of hyaluronidase in snake venoms, its 
degrading effects on hyaluronan in the extracel-
lular matrix have been utilized to enhance the dif-
fusion kinetics of intra- or subcutaneously 
applied drugs (Thorpe 1951; Lewis-Smith 1986). 
Here, hyaluronidase is simultaneously applied 

with local anesthetics and other injectable drugs 
(Landsman and Mandy 1991; Courtiss et  al. 
1995). Later, the diffusion enhancing effects have 
been objectified and evidenced in clinical studies 
(Wohlrab et  al. 2012a, b). At the same time, 
applications in ophthalmology have been devel-
oped (Fanning 2001; Dieleman et al. 2012; Gul 
et al. 2015). Here, hyaluronidase is used in perib-
ulbar anesthesia and vitreolysis (Schwartz et al. 
1996; Narayanan and Kuppermann 2009; Zahl 
et al. 1991; Crawford and Kerr 1994; Dempsey 
et  al. 1996, 1997). Further applications are the 
acceleration of the resorption of infiltrated toxic 
medication such as vinblastine and etoposide in 
case of extravasation during intravenous cyto-
static therapy (Smith et al. 1997).

Commercial formulations of hyaluronidases 
include hyaluronidase from bovine testicles 
(BTH), ovine testicles (OTH) and also recombi-
nant human hyaluronidase (rHuPH20) (Wohlrab 
et  al. 2014; Meyer 1937; McClean 1941; Farr 
et al. 1997; Pirrello et al. 2007; Lee et al. 2010; 
Connolly et  al. 2011). Purified hyaluronidases 
that have been obtained from other mammalian 
species show similar mechanisms of action as 
compared to human hyaluronidase (Bertolami 
and Donoff 1982; Garvin and Chipman 1974; 
Zaneveld et al. 1973). Bovine hyaluronidase (e.g. 
Hylase Dessau®, Riemser Pharma GmbH, 
Greifswald, Germany) has been used in several 
medical fields for many years including oph-
thalmo- and dermatosurgery as well as aesthetic 
medicine. It consists of a tetramer with four equal 
subunits with a molecular mass of 60  kDa 
(Khorlin et  al. 1973; Barsukov et  al. 2003). In 
comparison to bovine hyaluronidase, ovine hyal-
uronidase (e.g. Vitrase®, Bausch&Lomb, 
Rochester, NY, USA) is proposed to have a higher 
purity with a molecular mass of approximately 
55  kDa and is used for comparable indications 
(Silverstein et  al. 2012). Since animal-derived 
hyaluronidases can be contaminated with immu-
noglobulins and proteases they are proposed to 
potentially increase IgE-mediated immunogenic 
response like hypersensitivity reactions or ana-
phylaxis (Benditt et  al. 1951; Kind and Roffler 
1961; Schwartzman 1951). In 2005 a highly puri-
fied soluble form of the naturally occurring 
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human hyaluronidase was approved by the US 
Food and Drug Administration (FDA). This 
enzyme, rHuPH20 (e.g. ENHANZE®, Halozyme 
Therapeutics, Inc., San Diego, CA, USA), exerts 
a higher specific activity as compared to com-
mercially available animal-derived hyaluroni-
dases. Enzyme activity is correlated to the 
concentration of active hyaluronidase protein (U) 
per total protein (mg), and is approximately 500–
700 U/mg for unprocessed, animal-derived hyal-
uronidase, approximately 18,000  U/mg for 
pharmaceutically prepared animal-derived hyal-
uronidase, and approximately 120,000 U/mg for 
rHuPH20 (Silverstein et al. 2012). rHuPH20 has 
a molecular weight of 61 kDa and is produced by 
genetically engineered Chinese Hamster Ovary 
(CHO) cells which contain a DNA plasmin 
encoding PH20 (Yocum et al. 2007). Subsequently 
rHuPH20 is purified from non-hyaluronidase 
impurities and potential pathogens during pro-
cessing steps. The resulting purity of almost 99% 
is associated with a significant lower risk of 
immunogenic reactions providing a superior 
safety profile (Silverstein et al. 2012; Spandorfer 
et  al. 2012). With a half-life of shorter than 
30 min rHuPH20 is short acting making it diffi-
cult to detect in plasma after subcutaneous 
administration (Frost 2007). rHuPH20 is used in 
combination with immunoglobulins to compen-
sate deficiency syndromes or for subcutaneous 
rehydration therapy (Connolly et  al. 2011; 
Wasserman 2017; Wasserman et al. 2016; Carne 
et al. 2016; Pirrello et al. 2007; Lee et al. 2010). 
Further applications in connection with the use of 
therapeutic antibodies and proteins in chronic 
inflammatory, infectious and oncological dis-
eases can be expected for years to come (Stebliuk 
1972; Zaoli 1958; Warnery et al. 1954; Martinez- 
Quintanilla et al. 2015; Guedan et al. 2010).

12.4.1  Hyaluronidase for Local 
Infiltration Anesthesia

The efficacy of intracutaneously applied drugs is 
limited due to specified bioavailability of the 
active substance within the respective target com-
partment. Hyaluronidases can catalyse the degra-

dation of hyaluronan in the extracellular matrix, 
thereby enabling enhanced tissue permeability 
and increasing the bioavailability of injected 
drugs (Fig. 12.2) (Lokeshwar et al. 2001; Wohlrab 
et  al. 2012a, b, 2014). This principle was first 
applied for dermatosurgery in 1951 when Thorpe 
showed that adjuvant hyaluronidase promotes the 
diffusion of an injected anesthetic (Thorpe 1951). 
The subcutaneous co-application of hyaluroni-
dases as an adjuvant to local infiltration anesthet-
ics has been shown to significantly increase the 
effectiveness of local anesthesia especially in the 
first minutes after injection and enhanced the 
safety of the surgical procedure (Remy et  al. 
2008; Wohlrab et al. 2012b). Of note, the rate of 
diffusion is proportional to the amount of hyal-
uronidase given (Lee et al. 2010).

The use of hyaluronidase as an adjunct to 
local anesthetics has been described for oph-
thalmology, nail surgery, traumatology, den-
tistry, and others. In 1986 Lewis-Smith 
demonstrated that a local anesthetic combined 
with hyaluronidase was associated with an 
immediate analgesia and a more than doubled 
anesthetized area as compared to the local anes-
thetic alone (Lewis-Smith 1986). Later 
Landsman and Mandy reported that the co-
application of hyaluronidase with epinephrine 
subcutaneously for plastic surgery of the head 
improved the diffusion of infiltrated anesthet-
ics, enhanced anesthesia, and improved the 
ease of dissection (Landsman and Mandy 
1991). In 1994 Connolly et  al. noticed while 
using hyaluronidase in combination with bupi-
vacaine in surgery for ingrown toenail, that 
hyaluronidase leads to a more rapid dissolution 
of the local anesthetic and an earlier relief of 
pain as compared to bupivacaine alone 
(Connolly et  al. 1994). In 2001 a prospective, 
randomized, double- blind trial examined the 
anesthetic effect of lidocaine compared to a 
combination of lidocaine plus hyaluronidase 
for inferior alveolar nerve blocks. Surprisingly, 
it was concluded that the addition of hyaluroni-
dase only had a neglectable effect on the effi-
cacy of the nerve block, whereas its property to 
loosen structures of the connective tissue was 
associated with a higher incidence of severe 
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postoperative pain (Ridenour et  al. 2001). 
Ahmed et al. administered a local anesthetic in 
combination with hyaluronidase to harvest 
large split thickness skin grafts using only a 
single injection instead of multiple  injections 
without hyaluronidase (Ahmed and Ahmed 
2004). Furthermore, the co-application of hyal-
uronidase and local anesthetics was described 
for the treatment of chronic pain syndrome, 
resulting in a reduction of oedema and detach-
ments of epidural adhesions (Dunn et al. 2010). 
Today, hyaluronidase in combination with vari-
ous local anesthetics is most commonly used in 
ophthalmology. The co-administration of hyal-
uronidase improves the efficacy of retrobulbar 
anesthetic blocks and peribulbar infiltrations. 
Lindley-Jones used a mix of 0.5% bupivacaine, 
4% lignocaine and hyaluronidase for peribulbar 

anesthesia during phacoemulsification surgery 
and represented a less painful procedure com-
pared to topical anesthesia (Lindley-Jones 
2000). Khandwala et al. showed in a prospec-
tive randomised double- blind study on 19 
patients that the addition of hyaluronidase sig-
nificantly augmented the dispersal of local 
anesthetics. Herein, 5 ml of 2% lidocaine alone, 
or with 15  IU/ml hyaluronidase were applied 
via infero-nasal sub-Tenon’s injection. 
Subsequently at 3 and 5  min B-scan sonogra-
phy was performed, recording significantly less 
depth of local anesthetic fluid in the group that 
had received hyaluronidase, which correlated to 
a significantly higher dispersal rate of the local 
anesthetic (Khandwala et al. 2008). Also Remy 
et al. evaluated the efficacy and safety of hyal-
uronidase in a prospective double-blind, 

Fig. 12.2 Hyaluronidase increases the bioavailability of 
injected drugs. Hyaluronidase can catalyse the degrada-
tion of hyaluronan in the extracellular matrix, thereby 
enabling enhanced tissue permeability and increasing the 
bioavailability of injected drugs, e.g. local infiltration 
anesthetics. (a–c) The efficacy of conventional local infil-
tration anesthesia is limited by the fact that the dense 

extracellular matrix constrains a rapid dispersion of the 
drug within the tissue. (d–f) Hyaluronidase is co-injected 
with the local anesthetic to promote dispersion of the drug 
as a “spreading factor”. In the case of local infiltration 
anesthetics this results in (f) a faster and more widespread 
anesthesia and hence a higher efficacy
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placebo- controlled clinical trial as an adjuvant 
to mepivacaine in 40 eyes undergoing cataract 
surgery. The addition of hyaluronidase to mepi-
vacaine enhanced the safety of the surgical pro-
cedure due to more complete akinesia within 
5 min and a faster onset of complete anesthesia 
(Remy et  al. 2008). Furthermore, Narayanan 
and Kuppermann described the use of hyal-
uronidase for pharmacologic vitreolysis. The 
intravitreal application of ovine hyaluronidase 
in patients suffering from persistent vitreous 
hemorrhage induced a rapid degradation of the 
extracellular matrix, leading to an increased 
diffusion rate of vitreous hemorrhage and a sta-
tistical significant improvement in best-cor-
rected visual acuity (BCVA) as compared to the 
application of saline (Narayanan and 
Kuppermann 2009; Kuppermann et  al. 2005). 
In 2012 Wohlrab and colleagues enrolled 44 
participants in a prospective, randomized, pla-
cebo-controlled study and evaluated the area of 
anesthetized skin of local anesthetics with a 
solution of 75 IU of bovine testicular hyaluron-
idase (Hylase® Dessau, Riemser Pharma 
GmbH, Greifswald, Germany) and 0.5% lido-
caine versus 0.5% lidocaine alone. The results 
show that the co-application of hyaluronidase 
with local anesthetics leads to an approximately 
50% larger anesthetized area than local anes-
thetics alone and that this effect occurs fast 
within the first 5–15 min (Wohlrab et al. 2012b). 
Another analysis of the same group addressed 
the question whether hyaluronidase may impair 
cutaneous wound healing. This prospective, 
single-center, placebo-controlled, double-blind, 
intraindividual comparison included 20 partici-
pants. The authors created two superficial 
wounds in each participant by removing the 
epidermis via induced suction blisters. After 
excision of the blister tegmen a solution of 
150  IU of bovine testicular hyaluronidase 
(Hylase® Dessau, Riemser Pharma GmbH, 
Greifswald, Germany) in combination with 
0.5% lidocaine was injected sublesional to one 
wound and 0.5% lidocaine alone was injected 
sublesional to the other wound. Over a course 

of 14  days any differences neither in macro-
scopic wound healing nor in hemovascular per-
fusion measured via laser-Doppler flow were 
identified (Wohlrab et al. 2012a).

12.4.2  Hyaluronidase to Increase 
the Bioavailability of Locally 
Applied Drugs

As noted before the principle to apply hyaluroni-
dase in combination with injected drugs is best 
known for surgical infiltration anesthesia 
(Fig. 12.2) (Lokeshwar et al. 2001; Wohlrab et al. 
2012a, b, 2014). Yet, besides the use of animal- 
derived hyaluronidase for local anesthetics, the 
application of recombinant human hyaluronidase 
(rHuPH20) has recently gained importance for 
the subcutaneous application of insulin, volume, 
morphine, antibiotics, therapeutic monoclonal 
antibodies, immunoglobulins, and other indica-
tions (Bookbinder et al. 2006).

In 2009 Vaughn and colleagues reported for 
the first time that co-administration of rHuPH20 
significantly accelerated pharmacokinetics of 
subcutaneously injected insulin by means of 
increased peak serum insulin concentrations, 
C(max), reduced time to C(max), and t(max). 
Clinically these effects resulted in significantly 
improved glucodynamic parameters (Vaughn 
et al. 2009). Considering the studies performed by 
Vaughn and others it can be stated that hyaluroni-
dase can accelerate the absorption of subcutane-
ous applied human insulin allowing for a control 
of the glycodynamic effect similar to rapid-acting 
insulin analogues without an increased risk of 
hypoglycaemia (Hompesch et  al. 2011; Garg 
et  al. 2014; Vaughn et  al. 2009; Muchmore and 
Vaughn 2010). Similar positive effects of 
rHuPH20 on C(max) and t(max) were observed 
for subcutaneous morphine as reported by Thomas 
et al. and for the antibiotic ceftriaxone as reported 
by Harb et al. (2010) and Thomas et al. (2009). 
Furthermore, Allen et al. demonstrated in a phase 
IV, multicenter, single-arm study that rHuPH20 
facilitated the safe and effective rehydration in 
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children of 2 months to 10 years of age. Herein, 
the subcutaneous injection of rHuPH20 was fol-
lowed by subcutaneous infusion of 20 ml/kg iso-
tonic fluid. A successful rehydration was achieved 
in more than 80% of the patients. In children the 
subcutaneous application of medications and 
most notably large volumes is of particular advan-
tage as compared to the intravenous route, as the 
compliance with painful interventions is low and 
vessels are often small and more difficult to punc-
ture (Allen et al. 2009). Recently, also the effec-
tive combination of rHuPH20 and a C1 inhibitor 
(C1 INH) for the treatment of patients with hered-
itary angioedema with C1 INH deficiency (HAE) 
was reported (Weller et al. 2017).

In 2012 Wassermann et  al. reported for the 
first time the successful administration of 
rHuPH20-facilitated subcutaneous immunoglob-
ulin (IGSC) in patients with primary immunode-
ficiency (PI). With regard to efficacy, safety and 
pharmacokinetics rHuPH20-facilitated IGSC 
was equivalent to the gold standard, intravenous 
immunoglobulin (IVIG). The tolerability of 
rHuPH20-facilitated IGSC was good at a lower 
frequency of systemic reactions (Wasserman 
et  al. 2012). In line with these results, more 
recently Speth et al. used high dose hyaluronidase- 
facilitated IGSC in five patients with steroid- 
refractory juvenile dermatomyositis. Again, it 
was demonstrated that subcutaneous application 
of IgG in combination with hyaluronidase 
resulted in similar peak serum levels of IgG as 
compared to IVIG, resulting in mostly clinically 
inactive disease without any relevant local or sys-
temic adverse effect (Speth et al. 2016).

Concerning the intention to combine hyaluron-
idase with therapeutic monoclonal antibodies 
(mAbs), it can be stated that monoclonal antibod-
ies are typically given by slow intravenous infu-
sion and that therapy is hence associated with long 
infusion times. Furthermore, intravenous applica-
tions are associated with the risk of extravasation 
and other infusion-related complications like 
infections or thromboembolic events. In 2013 
Morcos and colleagues reported significantly 
improved pharmacokinetic and pharmacodynamic 
parameters for the subcutaneous co-administration 

of the monoclonal antibody trastuzumab 
(Herceptin®, Hoffmann-La Roche Ltd., Basel, 
Switzerland) and rHuPH20. Similar observations 
were reported for rituximab (MabThera®, 
Hoffmann-La Roche Ltd., Basel, Switzerland) 
(Morcos et al. 2013; Shpilberg and Jackisch 2013; 
Hamizi et  al. 2013; Kagan and Mager 2013). 
Trastuzumab is a humanized monoclonal anti-
HER2-antibody that is used for the therapy of 
HER2-positive breast cancer. Rituximab is a chi-
meric monoclonal anti-CD20- antibody used to 
treat autoimmune diseases (e.g. rheumatoid arthri-
tis) or cancer (e.g. non- Hodgkin’s lymphoma, 
chronic lymphocytic leukaemia) (Kagan and 
Mager 2013). It was concluded that subcutaneous 
administration of monoclonal antibodies co-for-
mulated with rHuP20 may enable a novel effec-
tive, well- tolerated, cost-effective, and convenient 
pharmacologic therapy, thereby improving 
patient’s satisfaction (Shpilberg and Jackisch 
2013).

Finally, most recently PEGylated rHuPH20 
(PEGPH20) in combination with gemcitabine and 
nab-paclitaxel is being assessed for the oncologic 
therapy of hyaluronic acid-high advanced pancre-
atic cancer. Hyaluronic acid-high pancreatic can-
cer is characterized by the marked production of 
hyaluronan by the tumor itself, which results in a 
modulation of the tumormicromilieu and an 
increase of interstitial tumor pressure, eventually 
limiting the perfusion of tumor tissue. Accordingly, 
systemically applied anticancer drugs may not suf-
ficiently enough penetrate into the targeted tumor 
compartment to reach cytotoxic concentrations. 
PEGPH20 may break down this burden to re-
establish tumor perfusion and enable the accumu-
lation of chemotherapeutics in order to increase 
the antineoplastic effect (Doherty et al. 2018).

12.4.3  Hyaluronidase 
for Extravasation 
Management

Extravasation can be defined as the accidental 
leakage of intravenous fluids or medications into 
the perivascular or subcutaneous space, potentially 
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resulting in significant tissue damage. The esti-
mated incidence of extravasation may range from 
0.001% to 7% (Boulanger et al. 2015). The extent 
of potential damage depends on the properties, 
concentration, and the amount of the infused sub-
stance. Severe extravasation injury is induced 
most frequently by certain chemotherapeutic 
agents, vasoactive substances that have the ability 
to induce ischaemia, concentrated electrolytes, 
iodinated contrast media, and other hyperosmolar 
solutions (Schummer et al. 2003). Since the extent 
of deep soft tissue damage is difficult to predict, 
the degree of severity of extravasation is often 
underestimated. Most extravasations have compa-
rably minor, transient consequences, such as pain, 
swelling, localized erythema or hyperpigmenta-
tion. However, in severe cases extensive tissue 
damage, ulceration, necrosis and compartment 
syndrome may occur, potentially necessitating 
surgical debridement or even amputation 
(MacCara 1983; Rowlett 2012; Montgomery and 
Budreau 1996; Wiegand and Brown 2010; 
Dougherty 2008).

Because of the scarcity of evidence, available 
algorithms for the management of extravasation 
remain a matter of debate. Specific interventions 
depend on the type of infused drug as well as the 
anatomic location and the extent of extravasation 
(Boulanger et  al. 2015). Regardless, the initial 
step for managing a suspected vesicant or irritat-
ing extravasation is to stop the infusion (Schrijvers 
2003; Kassner 2000; Bertelli 1995; Albanell and 
Baselga 2000; Dunagin 1982; Goolsby and 
Lombardo 2006). Additional measures include 
aspiration of as much drug and blood as possible, 
marking of the affected area, the elevation of 
affected limbs, warm or cold compresses, as well 
as the application of systemic analgesics, if nec-
essary (Boulanger et  al. 2015). To date various 
medications and substances, including antidotes, 
depending on the agent that has caused extravasa-
tion have been tested and found to have beneficial 
effects to vesicant extravasation injuries. Sodium 
thiosulfate, for example, has been shown to be 
useful for the management of extravasations of 
nitrogen mustard or cisplatin (Dorr 1990; 
Boulanger et al. 2015). Topical dimethylsulfox-
ide (DMSO) is suggested for the management of 

extravasation of a wide range of chemotherapeu-
tics including anthracyclines, cisplatin, carbopla-
tin, mitomycin and others (Langer et  al. 2000; 
El-Saghir et  al. 2004; Alberts and Dorr 1991; 
Olver et al. 1988; Bertelli et al. 1995).

With regard to hyaluronidase, its application 
has been suggested in order to dilute local toxic 
concentrations in particular of cytostatic drugs 
like vinca alkaloids or paclitaxel (Boulanger 
et al. 2015). For vinorelbine, vinblastine or vin-
cristine the local injection of 250 IU of hyaluron-
idase was reported to result in pain relief within 
several days after the extravasation event (Bertelli 
et al. 1994). In cases of paclitaxel extravasation 
the benefit of hyaluronidase is discussed contro-
versially (Stanford and Hardwicke 2003). 
Whereas Bertelli and colleagues reported in a 
series of five patients with paclitaxel extravasa-
tion that the infiltration of hyaluronidase was 
effective and resulted in complete remission of 
local symptoms in all cases, Dubois et al. found 
in a series of four patients that hyaluronidase 
delayed healing in two patients as compared to 
the sole application of cold compresses in the 
other two patients (Bertelli et  al. 1997; Dubois 
et al. 1996).

Apart from the extravasation of antineoplastic 
agents the extravasation of diagnostic substances 
is a relatively frequent occurrence during radio-
graphic procedures. The ability of iodinated con-
trast media to produce severe extravasation injury 
largely depends on the volume and height of 
osmolality. Studies and clinical experience dem-
onstrated that contrast media with osmolalities 
between 1025 and 1420  mOsm/kg facilitates a 
higher risk for severe extravasation injury (Wang 
et al. 2007; Bellin et al. 2002). Today, the use of 
contrast media agents with lower osmolality has 
largely reduced the risk of complications 
(Reynolds et  al. 2014). Yet, in particular rapid 
bolus injections of iodinated contrast media are 
associated with more severe clinical manifesta-
tions, such as blistering and ulcerations (Federle 
et  al. 1998). Small volumes of contrast media 
extravasation on the other hand may cause minor 
complications such as pain upon injection of the 
agent, swelling, oedema, and erythema 
(Belzunegui et  al. 2011; Sbitany et  al. 2010; 
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Selek et  al. 2007). Extravasation of diagnostic 
substances is generally managed successfully 
conservative with warm or cold compresses and 
elevation alone (Doellman et al. 2009; Elam et al. 
1991), in more severe cases, surgical consultation 
is recommended. With regard to hyaluronidase, 
the successful use has been reported in some 
cases (Bookbinder et  al. 2006; Cochran et  al. 
2002). One exemplary case published by Rowlett 
reported complete clinical resolution after subcu-
taneous administration of recombinant human 
hyaluronidase following the extravasation of 
100 ml of iodinated contrast media in the upper 
limb. Herein, 750  IU of hyaluronidase were 
injected in a circle around the extravasation site 
resulting to marked improvement after 4  h 
(Rowlett 2012). Finally, Fox et al. described in a 
case report a good clinical response after admin-
istration of intradermal hyaluronidase following 
the extravasation of amiodarone with decreased 
expansion of erythema and warmth as well as a 
decrease in pain (Fox et al. 2017).

12.4.4  Hyaluronidase 
for the Management 
of Hyaluronic Acid Filler 
Associated Complications

Skin changes are among the most visible signs of 
aging. One of the hallmarks of skin aging is a 
decrease in the skin’s hyaluronan content 
(Papakonstantinou et al. 2012; Meyer and Stern 
1994). This decrease of hyaluronan is mediated 
by both extrinsic and intrinsic factors. Extrinsic 
factors (extrinsic skin aging), such as the scission 
of hyaluronan by the build-up of reactive oxygen 
species (ROS) as a by-product of cellular metab-
olism or generated by UV-exposure (photoaging) 
or other pro-oxidative stressors, on the one hand, 
as well as intrinsic factors (intrinsic skin aging), 
such as an age-related decline in hyaluronan- 
neosynthesis by dermal fibroblasts or hormonal 
changes, on the other hand, contribute simultane-
ously to a progressive loss of skin integrity 
(Glogau 1997). These degenerative changes that 
affect hyaluronan and other components of the 
extracellular matrix, such as collagen or elastin, 

result in a loss of volume and hydration as well as 
a diminished elasticity, resulting in sagging skin, 
and fine and coarse wrinkles. Over the past 
decades various substances, including autolo-
gous fat, silicone, collagen, calcium hydroxylap-
atite, poly-L-lactic acid and most notably 
hyaluronic acid have been applied to augment 
and diminish the signs of skin and facial aging.

Today, the injection of gels containing hyal-
uronic acid, HA-based reversible dermal fillers 
(HA-fillers), is regarded as gold standard for non-
surgical minimal invasive facial rejuvenation and 
is one of the most commonly performed proce-
dures in cosmetic dermatology and plastic sur-
gery. Briefly, HA-fillers are injected for facial 
recontouring, tissue augmentation and deep skin 
hydration (Narins et al. 2010, 2011). If performed 
properly, the injection of HA-fillers is safe and 
effective and can be synergistically combined 
with additional minimal invasive aesthetic proce-
dures. Figure 12.3 shows the case of a patient that 
presented for the treatment of the signs of her 
facial aging at initial presentation and in the 
course after a multimodal therapy including laser 
skin resurfacing, as well as botulinum toxin A 
and HA-filler injections (Fig. 12.3). Figure 12.4 
displays the successful augmentation of a 
patient’s tear-trough with 0.2 ml of an HA-filler 
for each side (Fig. 12.4).

Potential complications of filler injections 
range from pain, edema and hematomas, over 
unaesthetic overcorrections, the Tyndall-effect – a 
bluish discoloration caused by too superficially 
injection of HA -, lower eyelid edema following 
tear-trough augmentation (Fig. 12.5), up to granu-
lomas (Fig.  12.6), infections, and finally tissue 
necrosis with ulcerations and scarring or even 
blindness due to vascular occlusions (Figs. 12.7 
and 12.8) (Buhren et al. 2016; DeLorenzi 2013; 
Myung et  al. 2017). Vascular complications are 
most severe and will likely lead to necrosis, when 
the occluded arteries are responsible for the main 
blood supply to certain areas and collaterals are 
sparse or absent. Also more superficial facial 
arteries are at a higher risk of iatrogenic occlu-
sion. It is proposed that it is not even necessary to 
inject the filler directly into the lumen of the ves-
sel but that also too large volumes of filler placed 
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in the perivascular space may compress the vessel 
from the outside eventually leading to a functional 
occlusion. “High risk” or “expert areas” with a 
higher probability of vascular complications fol-
lowing the injection of fillers include the glabellar 

region (supratrochlear artery) (Figs.  12.7 and 
12.8), the nasociliar region (dorsal nasal artery), 
the temporal region (temporal arteries), the supe-
rior nasolabial fold and the tear-trough (angular 
artery), or the nasolabial sulcus (facial artery) 

Fig. 12.3 Multimodal aesthetic treatment combining 
laser resurfacing, botulinum and HA-filler injections. (a) 
The 58-year old patient presented for a treatment of her 
marked signs of facial and skin aging including loss of vol-
ume, sagging skin, as well as fine and coarse wrinkles. Her 

personal anamnesis was positive for >40 years of intense 
UV-exposure and cigarette smoking. Panel (b) shows the 
patient after a multimodal facial aesthetic treatment com-
bining fractional laser resurfacing (2.940  nm Er:YAG 
laser), botulinum toxin A and HA-filler injections

Fig. 12.4 Successful tear-trough augmentation using 
an HA-filler. Thirty five-year old patient presenting for 
the treatment of a moderate tear-trough deformity (a) 

prior to therapy and (b) 3  weeks after injection of 
0.2  ml of an HA-filler to each side using a blunt 
cannula
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(Beleznay et al. 2015; Ozturk et al. 2013). Early 
clinical signs of vascular occlusion include imme-
diate and severe pain as well as blanching of the 
supplied area. Later, pain may increase and red-
dish to bluish discolorations of the skin can occur 
(Fig.  12.7) which may then progress to tissue 
necrosis and atrophic scarring (Fig.  12.8). 
Preventive measures include aspiration, a slow 
injection, careful attention for patient’s notices of 

immediate pain, and the avoidance of too large 
injection volumes particular in high risk areas.

Taking in account the potentially severe com-
plications associated with aesthetic filler injec-
tions, the reasons why hyaluronan is preferred 
over other filler substances include not only 
degradability, biocompatibility, and hygroscopic 
properties but most notably also the availability 
of a specific antidote, hyaluronidase (Fig. 12.9) 

Fig. 12.5 Hyluronidase injection resolves eyelid edema 
associated with augmentation of the tear-trough with an 
HA-filler. Twenty eight-year old patient presenting with 
persistent lower eyelid edema 3 months after augmenta-

tion of the tear-trough with an HA-filler. The treatment of 
a moderate tear trough deformity (a) prior to therapy and 
(b) 2 weeks after injection of 50 IU of bovine hyaluroni-
dase into each lower eyelid

Fig. 12.6 Foreign body granulomas after augmentation 
of the corners of mouth and lips with an unknown filler 
substance. (a) Overview and (b) detail of a 54-year old 
patient presenting with multiple visible and palpable firm 

nodes of the lips and perioral region months after injection 
of an unknown filler substance for augmentation of the 
corners of mouth and lips
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(Hilton et  al. 2014; Buhren et  al. 2016; Hirsch 
et  al. 2007a, b). The injection of hyaluronidase 
may not only correct unaesthetic overcorrections 
but may also reverse chronic edema or the acci-
dental vascular occlusion after HA-filler injec-
tions and may thereby prevent skin necrosis or 
blindness. In 2011 Kim et  al. used an elegant 
in vivo rabbit ear model to assess whether early 
(<4 h after occlusion) or late subcutaneous injec-
tions of hyaluronidase (24  h after occlusion) 
could prevent skin necrosis following vascular 

occlusion of an artery with an HA-filler (Kim 
et  al. 2011). Briefly, the authors injected an 
HA-filler directly into the auricular arteries of a 
rabbit. Next, hyaluronidase or a negative control 
of saline where injected into the ear either early, 
4  h after injection of HA or late at 24  h after 
injection of HA.  In the course the developing 
skin necrosis was analyzed. In both groups the 
ears infiltrated with saline solution developed 
widespread skin necrosis. Interestingly, for the 
ears infiltrated with hyaluronidase, those ears 
treated after 24  h also developed widespread 
necrosis, whereas ears infiltrated with hyaluroni-
dase after 4  h did not develop any necrosis. 
Hence, it can be concluded that in cases of vascu-
lar complications following HA-filler injections 
the injection of hyaluronidase has a higher likeli-
ness of success if performed early within the first 
4 h after vascular occlusion. Most recently, Wang 
et al. used the same rabbit ear model to address 
the question, whether hyaluronidase can effec-
tively penetrate into occluded vessels to degrade 
HA-fillers that may occlude the vascular lumen 
or whether hyaluronidase has to be injected 
directly into the lumen of the vessel (Wang et al. 
2017). First, the HA-filler was injected into a 
main artery of the rabbit’s ear. Immediately after 
embolism one group was injected with hyaluron-
idase subcutaneously, whereas another group 
received intravascular hyaluronidase. Two weeks 
later the authors found that the subcutaneous 
injection of hyaluronidase had resulted in less 
necrosis as compared to the intravascular injec-
tion. Moreover, the authors could prove that peri-
vascular hyaluronidase could effectively degrade 
intravascular HA-fillers within 1 h. Hence, from 
the clinician’s perspective in cases of definitive or 
even only suspected vascular occlusion the 
immediate infiltration of the entire area using 
large volumes of hyaluronidase is recommended. 
Besides the management of vascular occlusions 
and overcorrections, hyaluronidase has also been 
shown to be beneficial for the therapy of chronic 
edema following HA-filler injections. This com-
plication correlated to the hygroscopic effect of 
hyaluronan and is most frequent for the augmen-
tation of the so called tear-trough (Fig. 12.5). In a 
retrospective analysis, Hilton et al. demonstrated 

Fig. 12.7 Erythema and ulcerations 3 weeks after injec-
tion of an HA-filler into the glabella region. Fifty seven- 
year old patient presenting with erythema and ulcerations 
3 weeks after injection of an HA-filler into the glabella 
region and probable occlusion of the supratrochlear and 
dorsal nasal artery. The ulcerations will likely progress to 
atrophic scars

Fig. 12.8 Atrophic scar 2  months after injection of an 
HA-filler for augmentation of glabella folds by a cosmeti-
cian. Forty two-year old patient presenting with an atro-
phic scar 2 months after injection of an HA-filler into the 
glabella region by a cosmetician. The shape of the scar 
resembles the anatomical course of the supratrochlear 
artery
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that a single injection of bovine hyaluronidase 
effectively resolved eyelid edema of respective 
patients (Hilton et al. 2014). For the clinical prac-
tice the injection of smaller volumes of hyaluron-
idase was recommended, as larger volumes of the 
potent enzyme would not only resolve the edema 
but would completely degrade the injected 
HA-filler and would thereby abrogate the effect 
of augmentation. To conclude, it can be stated 
that the immediate availability of hyaluronidase 
is regarded a necessity for every physician who 
injects HA-fillers (Hirsch et al. 2007a; Kim et al. 
2011; Jahn et al. 2014)

Yet, despite the availability of hyaluronidase it 
is controversially discussed whether all HA- 
fillers can be degraded by the enzyme assimilably 
effective. A difference in or even resistance to 
“degradability” may be attributed to the concen-
tration of HA in the filler, the degree of cross- 
linking, gel viscosity, gel hardness, its cohesive 
properties, and finally the duration of the filler in 
the skin (Jones et  al. 2010; Landau 2015; Rao 
et al. 2014). With regard to the chemical structure 
it can be stated that most modern HA-fillers are 
chemically modified using cross-linker mole-
cules, such as 1,4-butanediol diglycidal ether 
(BDDE), to create three-dimensional network- 
structures with intermolecular cross-linked bonds 
and bridges to enhance the gel strength and lon-
gevity (Fig.  12.10). Through the cross-linking, 
the half-life of HA-fillers and clinical duration in 

the skin can reach up to 1 year and longer (De 
Boulle et al. 2013; Fraser et al. 1981).

Modern HA-fillers can be differentiated with 
regard to the following properties: presence and 
degree of cross-linkers between the hyaluronan 
polymer chains, polymer chain length, size of 
hyaluronan gel particles, hyaluronan concentra-
tion and purity of raw material (Stocks et  al. 
2011; Sundaram et al. 2010; Edsman et al. 2012). 

Fig. 12.9 Degradation of an HA-filler by hyaluronidase 
in vivo. (a) Injected dermal HA-fillers can last for several 
months up to years. (b and c) The infiltration of hyaluroni-

dase can effectively and rapidly degrade these HA-fillers. 
The proven degradability of HA-fillers by hyaluronidase 
represents a safety-feature for respective products

Fig. 12.10 Chemical structure of a conventional HA- 
filler. Most modern HA-fillers are hyaluronic acid-like 
D-glucuronic acid and N-Acetyl-D-glucosamine disac-
charides that are chemically modified using cross-linker 
molecules to create three-dimensional network-structures 
with intermolecular cross-linked bonds and bridges. 
Cross-linking significantly increases the longevity of 
HA-fillers in the skin
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A common superclassification distinguishes 
between biphasic and monophasic HA-fillers. 
Biphasic (non-cohesive) HA-fillers, like the 
Emervel® (EMV) or Restylane® (RES) line 
(Galderma Pharma, Lausanne, Switzerland; 
manufactured by Q-Med AB, Uppsala, Sweden) 
contain a range of different microsphere sizes, 
whereas monophasic (cohesive) HA-fillers, like 
the Juvederm® (JUV; Pharm-Allergan, Irvine, 
CA, USA) or Belotero® (BEL) line (Merz 
Pharmaceuticals GmbH, Frankfurt, Germany; 
manufactured by ANTEIS SA, Geneva, 
Switzerland) contain homogeneous microspheres 
(Attenello and Maas 2015; Buntrock et al. 2013; 
Flynn et al. 2011; Kontis 2013; Ballin et al. 2013; 
Tran et al. 2014). RES is a non-animal stabilized, 
partially cross-linked HA gel (NASHA). It is 
cross-linked with BDDE with a low level of 1%. 
RES is produced from the fermentation of equine 
streptococci, and was the first HA-filler to receive 
FDA approval in December 2003 for the correc-
tion of moderate to severe facial wrinkles and 
folds (Narins and Bowman 2005). Within the 
RES line of products there are various filler for-
mulations which all have identically concentra-
tions of hyaluronan (20 mg/ml) but differ in the 
size of the HA particles, expressed in number of 
gel particles per ml (Narins and Bowman 2005). 
BEL is a bacterially fermented, monophasic dou-
ble cross-linked HA gel filler that is based on the 
so called Cohesive Polydensified Matrix (CPM) 
technology and that creates a low-viscosity. BEL 
was approved by the FDA in November 2011 
(Tran et al. 2014). The BEL product line includes 
various filler formulations with total concentra-
tions of hyaluronan ranging from 20.0 to 26.0 mg/
ml that are indicated for the treatment of superfi-
cial lines up to volumizing of the face. It is pro-
duced by two steps of cross-linking. First the 
cross-linking of a determined amount of hyaluro-
nan is performed with BDDE. In the second step, 
a new amount of hyaluronan is inserted and addi-
tionally cross-linked. The resulting variable den-
sities of cross-linked HA zones is proposed to 
enable an optimal spreading of the gel into sur-
rounding tissue (Lorenc et  al. 2013). The JUV 
product line, finally, includes non–animal-based 
fillers with concentrations of 22.0–26.0 mg/ml of 

hyaluronan. It was approved by the FDA in 2006 
for the correction of moderate to severe facial 
wrinkles and folds (Romagnoli and Belmontesi 
2008). JUV is derived from Streptococcus equi 
using the so called “Hylacross technology” to 
generate a monophasic gel of highly BDDE- 
cross- linked (11%) cohesive molecules. The high 
level of cross-linking is proposed to increase lon-
gevity of JUV in the skin up to 12 months (Dayan 
and Bassichis 2008; Tezel and Fredrickson 2008). 
This is likely correlated to the fact that the strong 
cross-linking of monophasic JUV may limit the 
access of hyaluronidase to its HA substrate. On 
the other hand, the biphasic nature of EMV/RES 
and its distinct particles offer the enzyme a 
greater surface to attack (Sall and Ferard 2007).

With regard to longevity, like natural hyaluro-
nan, also cross-linked hyaluronan hydrogels are 
degraded via radical scission through ROS or by 
enzymatic cleavage (Kenne et al. 2013; De Boulle 
et al. 2013). An increase in ROS, and hence oxi-
dative stress, may occur as a consequence of for-
eign body reactions to biomaterial or through 
other external environmental stressors like 
mechanical tissue injury, which can cause a tran-
sient inflammatory reaction with an interaction of 
macrophages and foreign body giant cells 
(Harman 1992; Valko et al. 2007; Henson 1971a, 
b). Inflammation-induced ROS eventually 
degrade physiologic and synthetic, cross-linked 
hyaluronan-chains through cleavage of glyco-
sidic bonds (Cowman 2017; Volpi et  al. 2009; 
Rees et al. 2004; Soltes et al. 2006).

In line with physiologic hyaluronan, cross- 
linked HA-fillers are also cleaved by hyaluroni-
dases. The increase in longevity of HA-fillers 
is, in part, related to the fact that cross-linking 
results in stronger resistance against enzymatic 
degradation via hyaluronidase (Yui et al. 1993). 
Yet, taking in account the potential risks associ-
ated with filler injections, a proven, effective 
degradability of an HA-filler by injected 
 hyaluronidase can be regarded as “safety-fea-
ture” (Fig. 12.11). To this end, several studies 
have systematically assessed the degradability 
of HA-fillers by hyaluronidase (Juhasz et  al. 
2017; Jones et al. 2010; Rao et al. 2014; Hwang 
and Song 2017; Sall and Ferard 2007; Buhren 
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et al. 2018). In 2007 Sall et al. used a test based 
on the colorimetric determination of N-acetyl-
D- glucosamine released from 11 different 
HA-fillers to evaluate the sensitivities of differ-
ent cross- linked HA-hydrogels to the action of 
bovine hyaluronidase (Sall and Ferard 2007). 
Three years later Jones et  al. conducted an 
in  vitro comparison of three HA-based fillers 
with different hyaluronan contents treated with 
ovine hyaluronidase via analysis of the degra-
dation products using size-exclusion chroma-
tography coupled with a multiangle 
lightscattering detector (Jones et  al. 2010). 
Both studies reported that highly cross-linked 
HA-fillers exhibited the strongest resistance to 
enzymatic degradation (Jones et al. 2010; Sall 
and Ferard 2007), as compared to biphasic par-
ticular HA-fillers (Sall and Ferard 2007). In 
2014 Rao et  al. used an in vitro photographic 
approach to visualize the physical properties of 
four different HA-fillers incubated with 
rHuPH20 (Rao et  al. 2014). Clinical results 
showed again that biphasic, low-level cross- 
linked EMV was degraded by hyaluronidase 
most effectively in a dose-dependent manner 
followed by JUV.  Interestingly, this study 
reported that BEL retained its to the greatest 
extent. In 2016 Menzinger et  al. reported that 
ovine testicular hyaluronidase effectively and 
dose- dependently degraded EMV in a murine 
model in vivo (Menzinger et al. 2016). In 2017, 

Juhasz et  al. conducted an in  vivo human 
blinded randomized study to assess the degra-
dation of HA-fillers by palpation using a 5-point 
palpation scale during 14 day follow up period. 
In total 7 different HA-fillers, including RES/
EMV, BEL and JUV, were injected into the 
back skin of 15 participants. Subsequently a 
second injection of ovine hyaluronidase (20 or 
40  IU; Vitrase®, Valeant Pharmaceuticals, 
Laval, Canada) or saline control was performed. 
In conclusion, all fillers treated with ovine 
hyaluronidase showed a significant decrease in 
volume as compared to saline. BEL was found 
to be the fastest to dissolve (Juhasz et al. 2017). 
Most recently and finally, Buhren and Gerber 
et  al. published their results of a highly stan-
dardized in  vitro analysis of the degradability 
of RES/EMV, BEL and JUV by bovine hyal-
uronidase (Buhren et al. 2018).

Taken together, with regard to analyzed 
HA-fillers, applied hyaluronidases, treatment 
protocols, experimental setups and modes of 
analysis, these cited studies show a significant 
heterogeneity. This may explain also the hetero-
geneity with regard to the results and conclusions 
for the good or bad degradability of certain 
HA-fillers by different hyaluronidases. As differ-
ent study outcomes result in uncertainty amongst 
physicians injecting HA-fillers, future studies 
should aim to assess the degradability of respec-
tive products at a high level of standardization.

12.5  Conclusion

Starting from the 1940s the enzyme hyaluroni-
dase has evolved from a “spreading factor” for 
local infiltration anesthesia, over the gold stan-
dard for the management of HA-filler associated 
complications to a general adjunct that can sig-
nificantly increase the bioavailability of a broad 
variety of different drugs. A glance at the number 
of yearly scientific publications on “hyaluroni-
dase” shows an exponential rise in recent years 
pointing toward the rising clinical importance of 
hyaluronidase. Further indications in surgery, 
aesthetic medicine, immunology, oncology, and 
many others can be expected for years to come.

Fig. 12.11 Degradability of an HA-filler by hyaluroni-
dase in vitro. Incubation of a conventional, cross-linked 
HA-filler with (a) medium control and (b) medium plus 
bovine hyaluronidase over 20  h at 37  °C and 5% CO2 
in  vitro. Whereas the cohesive gel structure of the (a) 
HA-filler incubated with medium is still intact, the (b) 
HA-filler incubated with hyaluronidase is completely 
dissolved
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Abstract
Hypophosphatasia (HPP) is an inherited dis-
order that affects bone and tooth mineraliza-
tion characterized by low serum alkaline 
phosphatase. HPP is caused by loss-of- 
function mutations in the ALPL gene encoding 
the protein, tissue-nonspecific alkaline phos-
phatase (TNSALP). TNSALP is expressed by 
mineralizing cells of the skeleton and denti-
tion and is associated with the mineralization 
process. Generalized reduction of activity of 
the TNSALP leads to accumulation of its sub-
strates, including inorganic pyrophosphate 
(PPi) that inhibits physiological mineraliza-
tion. This leads to defective skeletal mineral-
ization, with manifestations including rickets, 
osteomalacia, fractures, and bone pain, all of 
which can result in multi-systemic complica-
tions with significant morbidity, as well as 
mortality in severe cases. Dental manifesta-
tions are nearly universal among affected indi-
viduals and feature most prominently 
premature loss of deciduous teeth. 

Management of HPP has been limited to sup-
portive care until the introduction of a 
TNSALP enzyme replacement therapy (ERT), 
asfotase alfa (AA). AA ERT has proven to be 
transformative, improving survival in severely 
affected infants and increasing overall quality 
of life in children and adults with HPP. This 
chapter provides an overview of TNSALP 
expression and functions, summarizes HPP 
clinical types and pathologies, discusses early 
attempts at therapies for HPP, summarizes 
development of HPP mouse models, reviews 
design and validation of AA ERT, and pro-
vides up-to-date accounts of AA ERT efficacy 
in clinical trials and case reports, including 
therapeutic response, adverse effects, limita-
tions, and potential future directions in 
therapy.
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ALP  Alkaline phosphatase enzyme 
activity, circulating

IAP  Intestinal alkaline phosphatase 
protein

ALPI  Intestinal alkaline phosphatase 
gene

PLAP  Placental alkaline phosphatase 
protein

ALPP  Placental alkaline phosphatase 
gene

GCAP  Germ cell alkaline phosphatase 
protein

ALPPL2  Germ cell alkaline phosphatase 
gene

AA Asfotase alfa
ERT Enzyme replacement therapy
Pi Inorganic phosphate
PPi Inorganic pyrophosphate
PLP Pyridoxal 5′-phosphate
PEA Phosphoethanolamine
GPI Glycosylphosphatidylinositol
HAP Hydroxyapatite
CHO Chinese hamster ovary cells
BSP Bone sialoprotein
OPN Osteopontin
DSP Dentin sialoprotein
PHEX  P h o s p h a t e - r e g u l a t i n g 

endopeptidase
XLH X-linked hypophosphatemia
PDB Paget’s disease of the bone
PDL Periodontal ligament
OMIM  Online Mendelian Inheritance 

in Man compendium
ANK/ANKH Progressive ankylosis protein
ENPP1  Ectonucleotide pyrophospha-

tase phosphodiesterase 1 
protein

PTH Parathyroid hormone
TPTD Teriparatide
BMT Bone marrow transplantation
SCB Stromal cell boost
IV Intravenous
SC Subcutaneous
IP Intraperitoneal

13.1  Introduction

Hypophosphatasia (HPP) is an inherited disorder 
(OMIM #146300, #241500, #241510) character-
ized by low serum alkaline phosphatase. HPP is 
caused by loss-of-function mutations in the ALPL 
gene encoding the protein, tissue-nonspecific 
alkaline phosphatase (TNSALP). TNSALP is 
expressed by mineralizing cells of the skeleton 
and dentition and is associated with the mineral-
ization process. Generalized reduction of activity 
of the TNSALP leads to accumulation of sub-
strates of TNSALP including inorganic pyro-
phosphate (PPi), a potent inhibitor of 
mineralization. This leads to defective skeletal 
and dental mineralization, resulting in multi- 
systemic complications with significant morbid-
ity and mortality in the most severe cases. 
Management of HPP has been limited to support-
ive care until the introduction of a TNSALP 
enzyme replacement therapy (ERT), asfotase alfa 
(AA). AA ERT has proven to be transformative, 
improving survival in severely affected infants 
and increasing overall quality of life in children 
and adults with HPP.  This chapter provides an 
overview of TNSALP expression and functions, 
summarizes HPP clinical types and pathologies, 
discusses early attempts at therapies for HPP, 
summarizes development of HPP mouse models, 
reviews design and validation of AA ERT, and 
provides up-to-date accounts of AA ERT efficacy 
in clinical trials and case reports, including thera-
peutic recommendations and response, adverse 
effects, and limitations.

13.2  Tissue Non-specific Alkaline 
Phosphatase: An Enzyme 
Essential for Mineralization

The enzyme we now know as tissue-nonspecific 
alkaline phosphatase (TNSALP, TNALP, or 
TNAP) was first reported by Dr. Robert Robison 
in 1923 (Robison 1923 and reviewed in Siller and 
Whyte 2018). Robison hypothesized that the 
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enzymatic activity he detected in extracts from 
rat and rabbit bones that liberated inorganic phos-
phate (Pi) from hexosemonophosphoric acid was 
involved in calcium phosphate deposition in the 
skeleton. Robison explored properties of the 
enzyme further in subsequent studies and termi-
nology regarding the enzyme shifted from phos-
phoric esterase to bone enzyme, phosphatase, 
and bone phosphatase, finally being referred to as 
alkaline phosphatase based on non-physiologic 
alkaline conditions used to assay the enzyme 
activity in vitro, as well as to differentiate it from 
an acidic prostate phosphatase discovered shortly 
afterwards (Goodwin and Robison 1924; Gutman 
and Gutman 1938; Kay and Robison 1924; 
Martland and Robison 1924, 1926, 1927, 1929; 
Robison et al. 1930; Robison and Soames 1924, 
1925; Siller and Whyte 2018).

TNSALP is encoded by the ALPL gene on 
chromosome 1  in humans (NM_000478.5). 
Three additional alkaline phosphatase isozymes 
exist in humans: intestinal (IAP encoded by ALPI 
on chromosome 2; NM_001631.4), placental 
(PLAP encoded by ALPP on chromosome 2; 
NM_001632.4), and germ cell (GCAP or ALPG 
encoded by ALPPL2 on chromosome 2; 
NM_031313.2) (Millán 2006; Millan and Whyte 
2016). In humans, the ALPL gene encodes 12 
exons and 11 introns, adding up to a total of 
69,034 base pairs, though exons Ia and Ib are 
noncoding and separated from the ATG initiation 
site in exon II. Human ALPL mRNA is translated 
into the TNSALP protein comprising 524 amino 
acids (Fig. 13.1a).

TNSALP includes a number of important con-
served amino acid sites, motifs, and domains that 
can be delineated in the two-dimensional 
sequence (Fig. 13.1b), though these function in 
the context of the three-dimensional protein 
structure, that includes a dimeric structure com-
posed of two TNSALP monomers (Fig. 13.1c, d). 
TNSALP is bound to cell plasma membrane sur-
faces by a glycosylphosphatidylinositol (GPI) 
anchor that can be cleaved to release the enzyme 
into circulation, where circulating alkaline phos-
phatase activity (ALP) can be detected in plasma. 

The enzyme active site is located in the extracel-
lular domain making TNSALP an ectoenzyme. 
Additional important structural and functional 
motifs in the TNSALP amino acid sequence 
include a hydrophobic domain involved in 
monomer- monomer interactions to assemble the 
functional enzyme homodimer, three metal cat-
ion (Zn2+ and Mg2+) binding sites critical for 
enzyme activity, a flexible crown domain 
involved in interactions with collagen matrix and 
inhibitors, an N-terminal α-helix that (along with 
the crown domain) contributes to stabilization of 
the dimeric structure, and N-linked glycosylation 
sites that affect catalytic activity and kinetic 
properties of the enzyme. Across nearly its entire 
amino acid sequence, TNSALP is extremely 
highly evolutionarily conserved (Fig.  13.1e), 
suggesting functional importance for the major-
ity of the protein structure.

While a broad substrate specificity has been 
demonstrated in  vitro, natural substrates indi-
cated by TNSALP loss-of-function include inor-
ganic pyrophosphate (PPi), phosphoethanolamine 
(PEA), and pyridoxal 5′-phosphate (PLP), 
described in more detail in the next section. 
TNSALP is highly expressed in bones, teeth, 
liver, and kidney (and at lower levels in fibro-
blasts, endothelial cells, and nervous system), 
thus its nomenclature as a “non-specific” enzyme. 
In the skeleton, bone forming and mineralizing 
osteoblasts are the primary cells expressing 
TNSALP, while in teeth and their supporting tis-
sues, ameloblasts, odontoblasts, cementoblasts, 
and other cells of the PDL all express TNSALP 
(Fig. 13.2a–l).

TNSALP is likely the most critical enzyme for 
mineralization of bones and teeth. Upon its dis-
covery, Robison presciently hypothesized that 
TNSALP was associated with skeletal mineral-
ization, possibly by locally increasing Pi through 
dephosphorylation of substrates (Robison 1923; 
Siller and Whyte 2018). The ability for TNSALP 
to hydrolyze and thus inactivate PPi came to be 
understood as a possibly more important function 
of TNSALP in mineralization. PPi is a potent 
inhibitor of calcium phosphate (hydroxyapatite; 

13 Alkaline Phosphatase Replacement Therapy for Hypophosphatasia in Development and Practice



282

Fig. 13.1 Human TNSALP sequence and structure. (a) 
Human TNSALP is comprised of 524 amino acids, shown 
here by their one-letter codes. (b) Human TNSALP 2D 
protein structure superimposed over the 12 exons and 
demarcating conserved functional sites and domains. (c) 
Human TNSALP 3D structure showing the functional 

dimer with monomer 1 (green, on the left) and monomer 
2 (yellow, on the right). Functional sites and domains are 
indicated for both monomers. 3D images are based on 
crystalized structure of PLAP and were imaged through 
Swiss-Model (www.swissmodel.expasy.org) and UniProt 
(www.uniprot.org). (d) Human TNSALP 3D structure  
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HAP) crystal growth that constitutes the inor-
ganic mineralized component of bones and teeth 
(Bisaz et  al. 1968; Fleisch and Bisaz 1962a, b; 
Fleisch et  al. 1965, 1966; Meyer 1984; Meyer 
and Fleisch 1984). While TNSALP acts as a pro- 
mineralization enzyme decreasing local levels of 
PPi, counter-regulatory proteins, including pro-
gressive ankylosis protein (ANK/ANKH) and 
ectonucleotide pyrophosphatase phosphodiester-
ase 1 (ENPP1), increase PPi production, alto-
gether comprising a complex feedback system of 
regulators that control the location and extent of 
mineralization in the body (Fig. 13.2m) (Foster 
et  al. 2012; Gurley et  al. 2006; Harmey et  al. 
2004; Ho et al. 2000; Johnson et al. 2000; Millan 
2013; Murshed et  al. 2005; Nociti et  al. 2002; 
Rutsch et  al. 2001, 2003; Terkeltaub 2001; 
Zweifler et al. 2015).

13.3  Hypophosphatasia

HPP is characterized by reduced ALP activity 
and extracellular accumulation of PPi, resulting 
in defective mineralization of bones and teeth. 
HPP is caused by loss-of-function mutations in 
the ALPL gene that encodes TNSALP. At this 
writing, 377 such mutations have been reported 
(http://www.sesep.uvsq.fr/03_hypo_mutations.
php), with the majority (~70%) being missense 
mutations, but also including nonsense muta-
tions, deletions, and alterations in ALPL regula-
tory regions. The mode of inheritance can be 
either autosomal recessive or autosomal domi-
nant (Mornet 2017; Thakker et  al. 2017). The 
prevalence is highest among Mennonites in 
Manitoba, Canada, where approximately 1  in 
2500 neonates manifests lethal form of HPP 

(Greenberg et al. 1993). The prevalence of severe 
and moderate HPP in Europe has been estimated 
to be 1  in 300,000 and 1  in 6370, respectively 
(Mornet et  al. 2011). A critical function of 
TNSALP in skeletal tissues is to hydrolyze and 
thus reduce levels of PPi, allowing physiological 
mineralization to proceed. Deficiency of 
TNSALP in HPP leads to increased PPi levels 
that inhibit HAP crystal nucleation and growth in 
the extracellular matrix, thereby impairing skel-
etal and dental mineralization. This condition 
also secondarily leads to disturbances of calcium 
and phosphorus homeostasis. Elevation of serum 
calcium or phosphorus levels sometimes occurs 
and is thought to be the result of a combination of 
normal gut absorption of these ions and the 
inability to effectively incorporate them into bone 
HAP. In addition to increased PPi, HPP also leads 
to increased extracellular accumulation of two 
other known physiological substrates of TNSALP, 
PLP and PEA.

The clinical spectrum of HPP is broad and 
highly variable, even within families. Clinical 
manifestations range from perinatal death to 
severe bone deformities in early childhood, to pri-
mary tooth loss with little or no other clinically 
detectable systemic or skeletal manifestations. 
The severity typically correlates with earlier dis-
ease onset. HPP is classified into six different 
clinical forms, based on the age onset of clinical 
symptoms: perinatal, benign prenatal, infantile, 
childhood, adult, and odontohypophosphatasia 
(odonto-HPP) (Table  13.1). This classification 
delineates disease severity and may correlate with 
prognosis and ALP levels, although there is con-
siderably overlap in clinical phenotypes and bio-
chemical hallmarks in HPP (Whyte et al. 2018).

Fig. 13.1 (continued) showing both monomers in rain-
bow colors to indicate N-terminal (blue) to C-terminal 
(red) sequence. N- and C-termini are indicated for mono-
mer 1 (left side). (e) TNSALP multiple sequence com-
parisons between human (Homo sapiens; UniProt record 
P05186), chimpanzee (Pan troglodytes; K7B4Y6), 
Rhesus macaque monkey (Macaca mulatta; 
A0A1D5R5B1), rat (Rattus norvegicus; P08289) mouse 
(Mus musculus; P09242); dog (Canis lupus familiaris; 
F1PF95), cow (Bos taurus; P09487), sheep (Ovis aries; 
W5PFB8), pig (Sus scrofa; A0A287BSC3), chicken 

(Gallus gallus; Q92058), and African clawed frog 
(Xenopus laevis; Q7ZYJ4). Regions well conserved 
across species are indicated by darker blue coloration of 
the amino acids in the sequence rows. Relative conserva-
tion is also indicated by a histogram below the sequence 
comparisons, with numerical scores from 0 to 9, where 
higher scores indicate better conservation (also shown by 
lighter orange color) and ∗ indicating perfect conservation 
across all species. Sequence comparison performed by 
Clustal Omega (www.clustal.org/omega) and viewed by 
Jalview (www.jalview.org)
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Fig. 13.2 Mineralizing cells express TNSALP. 
Immunohistochemistry in mouse (a–j) and human (k and 
l) tissues shows the expression of TNSALP (red color). 
TNSALP is expressed around (a) forming vertebrae (Vert) 
and ribs at mouse embryonic day 15 (E15), and is strongly 
expressed in the mineralizing bone of the mandible, (b) 
though is not yet expressed in the molar tooth that is under-
going morphogenesis but not yet mineralizing. (c) The 
incisor tooth is mineralizing by E16, and TNSALP is 

found in the enamel organ (EO) and in odontoblasts (Od) 
forming dentin. (d) Osteoblasts (Ob) of the mouse jaw 
bone at E18 strongly express TNSALP. (e and f) At 4 days 
postnatal (dpn), Od and EO of the molar strongly express 
TNSALP, though ameloblasts (Am) do not. (g and h) By 
8  dpn, Am entering the maturation stage (∗) of enamel 
mineralization begin expressing TNSALP. (i and j) At later 
ages of 14 and 26  dpn, after periodontal tissues have 
formed, the entire periodontal ligament (PDL) between 
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13.3.1  Clinical Classification of HPP 
and the Clinical/Radiologic 
Findings

13.3.1.1  Perinatal HPP
Perinatal HPP is the most severe form of HPP 
and is typically lethal as a result of an almost 
complete absence of skeletal mineralization. 
Severely affected infants often die shortly after 
birth due to respiratory complications arising 
from hypoplastic lungs and skeletal deformities 
of the thorax. The key radiographic and 
 sonographic features that are characteristic of 
and unique to severe lethal perinatal HPP are 
absent ossification of whole bones at or after 
11  weeks’ gestation (Offiah et  al. 2018). Other 
prenatal imaging findings, characteristic of peri-
natal HPP and not unique to HPP, include short-
ening, bowing and angulation of the long bones, 
mid- diaphyseal (“Bowdler”) spurs, slender and 
poorly ossified thin ribs, metaphyseal lucencies, 
and deficient ossification in the skull observed as 
wide sutures and fontanelles (Fig.  13.3a–c) 
(Offiah et al. 2018; Zankl et al. 2008). These fea-
tures also arise from other skeletal dysplasias 
(e.g. osteogenesis imperfecta, cleidocranial dys-
plasia, campomelic dysplasia, and achondrogen-
esis subtypes), which should be in the differential 
diagnosis. HPP can be distinguished and con-
firmed by prenatal ALP measurements.

13.3.1.2  Benign Prenatal HPP
Benign prenatal HPP manifests in utero, with 
abnormal imaging findings similar to the perina-
tal HPP. Affected fetuses exhibit skeletal defor-
mities including poorly mineralized bone or 

short, severely bowed legs, which can sometimes 
be diagnosed as the perinatal lethal form of HPP 
(described above) (Fig.  13.3d, e). However, in 
cases of the benign prenatal form of HPP, the 
skeletal phenotype can be less severe and sponta-
neous improvement is observed beginning in the 
third trimester of pregnancy and continuing after 
birth (Offiah et  al. 2018; Wenkert et  al. 2011). 
Postnatal clinical outcomes range in severity 
from infantile to odonto-HPP phenotypes, there-
fore, abnormal prenatal ultrasound findings 
before the third trimester are not predictive of 
perinatal lethal HPP.

13.3.1.3  Infantile HPP
Infantile HPP presents before 6  months of age 
and is associated with approximately 50% mor-
tality due to respiratory failure due to severe 
hypomineralization and mechanical weakness of 
the chest wall. Affected infants can appear nor-
mal after birth until emergence of poor feeding, 
failure to thrive, and hypotonia with delayed 
motor milestones develop. Radiologic findings 
include generalized hypomineralization with 
severe skeletal deformities, including rachitic 
defects of the long bones and chest (Fig. 13.3f). 
Infants may also have muscle pain and weakness 
from a static myopathy, possibly related to accu-
mulation of TNSALP substrate, PPi (Seshia et al. 
1990). Craniosynostosis and other skull abnor-
malities occur in about 40% of infants with infan-
tile HPP (Fig. 13.3g, h), and these complications 
may require neurosurgical intervention due to 
intracranial hypertension (Collmann et al. 2009). 
Proptosis, mild hypertelorism, and brachyceph-
aly can develop. Unlike other forms of hereditary 

Fig. 13.2 (continued) the root surface cementum (Cem) 
and bone becomes strongly positive for TNSALP. (k and l) 
Human TNSALP dental expression patterns parallel those 
in mice, with strong expression in Od and in the PDL. (m) 
Model of TNSALP function in mineralizing cells. Levels 
of the mineralization inhibitor, PPi, are controlled by activ-
ities of ENPP1, ANKH/ANK, and TNSALP, all expressed 
by mineralizing cells. ENPP1 enzymatically cleaves 
nucleotide triphosphates (e.g. adenosine triphosphate, 
ATP) to generate PPi, while ANKH/ANK directs PPi trans-
port to the extracellular space, both increasing pericellular 
PPi levels. TNSALP hydrolyzes PPi to allow inorganic 
phosphate (Pi) and calcium (Ca) to precipitate as hydroxy-

apatite (HAP), the inorganic component of bones and 
teeth. When TNSALP activity is lost in HPP, excess PPi 
inhibits HAP crystal initiation and growth, causing miner-
alization defects in the skeleton and dentition. Figure 
designed with images from Servier Medical Art (https://
smart.servier.com/) under a Creative Commons Attribution 
3.0 Unported License. (Images in panels e, f reused with 
permission from McKee et al. J Dent Res 92(8): 721–727, 
2013. Images in panels g, h reused with permission from 
Yadav et al. 2012. Images in panels i–l reused with permis-
sion from Zweifler et al. 2015. Image in panel m reused 
with permission from Bowden and Foster. Drug Des Devel 
Ther 12: 3147–3161, 2018)
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and nutritional rickets, serum calcium levels are 
generally high at diagnosis. Hypercalciuria and 
nephrocalcinosis can also occur as consequences 
of hypercalcemia. Irritability and vomiting are 
also common, arising from hypercalcemia or 
increased intracranial pressure with papilledema 
secondary to craniosynostosis.

13.3.1.4  Childhood HPP
Childhood HPP presents after age 6 months, with 
wide ranging clinical manifestations that were 
suggested to be subdivided into “mild” and 
“severe” types in 2015 (Whyte et  al. 2015a, 
2018). Individuals with mild childhood HPP can 
maintain good physical function with minimal 

Table 13.1 Clinical forms of HPP and their characteristics

Form Onset Clinical features Imaging findings
Perinatal 
lethal

In utero/at 
birth

Profound hypomineralization
Short and deformed extremities
Polyhydraminos
Respiratory insufficiency at birth to the first 
week of life
Pyridoxine-responsive seizures
Stillbirth or death within days/weeks after 
birth

Absence of mineralization of the 
roof of the skull and bones
Thin ribs
Fractures

Benign 
prenatal

In utero/at 
birth

Severe hypomineralization with skeletal 
deformities
Spontaneous improvement in the skeletal 
disease after birth

Same as perinatal lethal form

Infantile First 6 months 
of life

Severe hypomineralization with severe 
skeletal deformities (rachitic ribs, genu 
varum)
Craniosynostosis
Pyridoxine-responsive seizures
Failure to thrive and delayed developmental 
milestones
Hypercalcemia and hypercalciuria
Premature loss of primary teeth

Absent bones or severe 
mineralization defects;
Gracile bones;
“Tongues” radiolucency in 
metaphyses;
Patchy areas of osteosclerosis;
Copper beaten appearance of skull 
radiograph;
Wedging of the lower thoracic and 
upper lumbar vertebrae;
Nephrocalcinosis on renal 
ultrasound.

Childhood After 6 months 
of life

Rickets (bowed legs with bony enlargement 
near joints due to widened metaphyses)
Chronic skeletal pain
Recurrent fractures
Short stature
Abnormal ambulation or gait
Premature loss of primary teeth

Same as infantile form

Adult After 18 years Fragility fractures
Stress fractures of metatarsals, tibias
Delayed fracture healing
Osteomalacia
Chondrocalcinosis
Osteoarthropathy

Recurrent metatarsal fractures;
Vertebral crush fractures;
Femoral pseudofractures.

Odonto-
HPP

Before 
4–5 years of 
age

Premature loss of primary teeth prior to age 
5 years
Loss of permanent teeth
Abnormal dentin
Thin roots with wide pulp chambers
Delayed eruption

Alveolar bone loss;
Lack of other skeletal or radiologic 
manifestations.
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symptoms or skeletal changes. Severe childhood- 
onset HPP can feature cranial hypomineraliza-
tion or craniosynostosis (Fig.  13.3i), however 
skeletal rickets is typically the main feature 
(Whyte et al. 2015a), manifesting as bowed legs 
and bony enlargement near joints due to widened 
metaphyses, and radiographic findings including 
characteristic ‘tongues’ of radiolucency project-
ing from growth plates into metaphyses 
(Fig.  13.3j, k). Chronic skeletal pain, recurrent 
fractures, short stature, muscle weakness, abnor-
mal ambulation or gait, and premature loss of 
deciduous teeth are common signs or symptoms 
(Fig. 13.3l). Rarely, childhood HPP can present 
with chronic multifocal non-bacterial osteomy-
elitis mimicking malignancy thought to be due to 
marrow edema secondary to PPi crystal deposi-
tion (Girschick et  al. 2007; Whyte et  al. 2009). 
Craniosynostosis can cause chronic increased 
intracranial pressure, papilledema and impaired 
visual acuity (Libby Kosnik-Infinger et al. 2015). 
Individuals exhibiting more severe manifesta-
tions of childhood HPP may present more obvi-
ous dental defects, including enamel hypoplasia 
and discoloration (Fig. 13.3m).

13.3.1.5  Adult HPP
Adult HPP is typically diagnosed in middle age 
based on presentation of chondrocalcinosis, 
osteoarthropathy, and/or recurrent stress frac-
tures that are often poorly healing (Fig. 13.3n). 
Femoral pseudofractures and atypical subtro-
chanteric femoral fractures have been reported in 
adult HPP; the latter can occur without or follow-
ing exposure to bisphosphonates (Berkseth et al. 
2013; Genest and Seefried 2018; Lawrence et al. 
2017; Sutton et al. 2012). Individuals with lower 
ALP levels and higher PLP and PEA levels tend 
to exhibit more fractures. There is a diverse spec-
trum of clinical manifestations within adult HPP, 
ranging from minimal symptoms such as dental 
abnormalities with no pain and normal bone min-
eralization on bone biopsy, to significant pain 
and fractures, with osteomalacia on bone biopsy 
(Fig.  13.3o, p). Asymptomatic or minimally 
symptomatic adults with HPP are identified 
based on low ALP levels or family history of 
HPP, and may report a history of ‘childhood rick-

ets’ or fractures (Berkseth et  al. 2013). Some 
affected adults recall a history of premature loss 
of their deciduous teeth, and may also have early 
loss of the adult dentition (Whyte 2016). Bone 
mineral density is low in adult HPP with severe 
skeletal manifestations, but is normal in asymp-
tomatic adult HPP or those with mild manifesta-
tions. However, despite the absence of clinical 
skeletal abnormalities or decreased BMD, low 
bone turnover or low bone remodeling has been 
described in individuals with mild adult HPP, 
consistent with persistent hypophosphatasemia 
(Lopez-Delgado et  al. 2018). Adult HPP can 
become debilitating, with severe disability sec-
ondary to recurrent fractures, muscle weakness, 
musculoskeletal pain and restricted range of 
motion from chondrocalcinosis (Berkseth et  al. 
2013; Lawrence et al. 2017; Weber et al. 2016).

13.3.1.6  Odonto-HPP
Odonto-HPP features dental defects as the pri-
mary manifestations, with biochemical charac-
teristics of HPP and mild skeletal abnormalities 
or lack of clinically apparent skeletal changes. 
Dental defects are nearly universal among indi-
viduals affected by HPP regardless of the clinical 
form (Bloch-Zupan 2016; Feeney et  al. 2018; 
Reibel et  al. 2009). The most common dental 
sign is premature loss of primary/deciduous teeth 
prior to age 5 years, an important diagnostic cri-
terion for HPP (Fig. 13.3q). In a large cohort of 
pediatric patients, about 98% exhibited prema-
ture loss of primary teeth (Whyte et al. 2015b). 
Anterior teeth (maxillary and mandibular inci-
sors and canines) are the most frequently lost, 
typically require no or very mild trauma to 
extrude them from the sockets, and have an 
unusual and characteristic appearance of being 
fully rooted, rather than featuring partially 
resorbed roots typical of physiologically exfoli-
ated primary teeth (Fig.  13.3r). In cases of 
odonto-HPP or mild childhood HPP, premature 
tooth loss is often the first recognized sign that 
something is amiss, and is thus a critical diagnos-
tic criterion that places the general or pediatric 
dentist in a position to refer the patient to an 
endocrinologist. Tooth loss is the direct result of 
elevated PPi inhibiting formation and mineraliza-
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Fig. 13.3 Skeletal and dental defects associated with 
clinical forms of HPP.  Overview of characteristic fea-
tures of perinatal (a–c), benign prenatal (d, e), infantile 
(f–h), childhood (i–m), adult (n–p), and odonto-HPP 
(q–s) forms. (a) A fetus with perinatal HPP at 18 weeks-

of- gestation displays a short and angulated femur (yel-
low arrow) by ultrasound. (b) Postmortem radiograph of 
a fetus with perinatal HPP at 38  weeks of gestation 
reveals bowed femora (yellow arrows) and metaphyseal 
tongues of radiolucency. (c) CT image of the same fetus 
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tion of tooth root cementum (Bruckner et  al. 
1962; van den Bos et al. 2005). Additional dental 
abnormalities reported in association with HPP 
include loss of secondary/permanent teeth, tooth 
mobility, abnormal or thin dentin, large pulp 
space, abnormal tooth root shapes, periodontal 
disease or alveolar bone loss, malocclusion, and 
enamel defects (Fig.  13.3s). However, there is 
presently not a consensus on how common these 
manifestations are, or how they relate to geno-
type, biochemical findings, or musculoskeletal 
effects of HPP, or why a small percentage of 
affected individuals do not lose their teeth prema-
turely. It is important to note that a subset of 
patients diagnosed with odonto-HPP have been 
observed to develop mild to moderate skeletal 
manifestations such as fractures and bone pain 
later in life, therefore, long-term follow-up is rec-
ommended (Mori et al. 2016).

13.3.2  Diagnosis of HPP

Diagnosis of HPP can be made with confidence 
when the clinical history, and physical and radio-
graphic skeletal findings (as described in detail 
above) are consistent with this diagnosis, and 
when serum ALP is below the normal range for 
the patient’s age. Patients with perinatal or infan-
tile onset HPP may be misdiagnosed with severe 
form of osteogenesis imperfecta, however, HPP 
can be distinguished by low serum 
ALP. Circulating ALP is elevated in osteogenesis 
imperfecta and other forms of rickets. Other 
pediatric skeletal disorders with low serum ALP 
levels that can mimic HPP and should be consid-
ered as a differential diagnosis of HPP include a 
rare lethal form of osteogenesis imperfecta 
(Royce et  al. 1988), neonatal lethal osteochon-
drodysplasia (Wyckoff et  al. 2005), and severe 
cleidocranial dysplasia (El-Gharbawy et al. 2010; 
Unger et al. 2002). Evaluation for high substrates 

Fig. 13.3 (continued) with perinatal HPP at 25 weeks-
of-gestation shows bowed femurs (yellow arrow), defi-
cient rib ossification, and widened cranial sutures 
(yellow ∗). (d) CT image of a fetus with benign prenatal 
HPP shows bowed long bones with normal metaphyses, 
in addition to mid-diaphyseal spurs on the fibulas (yel-
low arrows). (e) CT image of the same infant with 
benign prenatal HPP shows bowed leg bones and normal 
cranial ossification. (f) Radiograph of a 23-week-old 
child with infantile HPP shows gracile, deformed, and 
fractured ribs. (g) MRI of the skull of a 6-year-old child 
with infantile HPP exhibiting craniosynostosis and the 
resulting bregmatic bump (yellow arrow). (h) Lateral 
and anterior radiograph of a 14-week-old child with 
infantile HPP showing hypomineralization of the cal-
varium, giving the appearance of widened sutures (yel-
low arrows). (i) Radiograph of a 4-year-old individual 
with childhood HPP reveals hypomineralization of the 
cranial vault as seen by the “copper beaten” appearance 
of the skull. (j) Deformities of lower extremities with 
joint widening at knees and elbows in a 15-year-old boy 
with severe childhood hypophosphatasia. (k) Radiograph 
of the knee of a child with severe childhood HPP reveals 
tongues of radiolucency (yellow ∗) extending from the 
distal metaphysis of the femur. (l) Knee radiograph of 
the same individual from (panel j) reveals hypomineral-
ized bone, coarsened trabeculae, and an intramedullary 
rod in the tibia. A fracture line is seen in the diaphysis of 
the tibia (yellow arrow). (m) Oral photograph of a boy 
with severe childhood HPP showing enamel discolor-
ation and hypoplasia, manifested as horizontal bands 
and irregular crown appearance and texture. (n) 

Radiograph of an individual with adult HPP showing 
right fourth metatarsal fracture (yellow arrow). (o) 
Goldner trichrome stain of normal iliac crest biopsy 
compared to (p) the same from an individual with adult 
HPP, showing accumulation of excessive osteoid (red 
layer indicated by yellow arrow) on the surface of the 
mineralized bone (green). (q) Oral photograph of a 
2.5-year-old child with HPP exhibiting premature loss of 
primary lower incisors. (r) Primary incisors that sponta-
neously exfoliated from a child with HPP. (s) Oral radio-
graph of a 20-year-old individual diagnosed with 
odonto-HPP showing loss of secondary incisor, end-
odontic treatment after fracture, splinting to try and sta-
bilize remaining anterior teeth, and generalized alveolar 
bone loss (yellow ∗). (Images in panels a–e reproduced 
from Offiah et al. Pediatr Radiol 1–20, 2018, and used 
under the terms of the Creative Commons CC BY 
license. Images in panel f, h reproduced from Millán and 
Whyte 2016, and used under the terms of the Creative 
Commons CC BY license. Images in panels g, i repro-
duced with permission from Collmann et  al. 2009. 
Images in panels j, l reproduced with permission from 
Bowden and Foster, Drug Des Devel Ther 12: 3147–
3161, 2018. Image in panel k reproduced with permis-
sion from Whyte 2017. Image in panel n reproduced 
with permission from Whyte et al. 2007. Images in pan-
els o, p reproduced with permission from Berkseth et al. 
2013. Image in panel q reproduced from Reibel et  al. 
2009, in accordance with BMC’s open access policy. 
Image in panel r reproduced with permission from 
Whyte 2017. Image in panel s reproduced with permis-
sion from Rodrigues et al. 2012)

13 Alkaline Phosphatase Replacement Therapy for Hypophosphatasia in Development and Practice



290

(PPi, PLP, and PEA) or molecular genetic testing 
can be important to make a correct diagnosis.

Serum ALP levels in parents, as a noninvasive 
diagnostic tool, may aid in prenatal differential 
diagnosis when bone dysplasia is detected by 
fetal imaging; when ALP is low, a high index of 
suspicion for perinatal HPP is raised (Castells 
et al. 2018).

For less severe forms of HPP, diagnosis can be 
challenging, and requires further laboratory eval-
uation to assess TNSALP substrate levels, as 
described below in next section. Low serum ALP 
can be found in several clinical situations 
(Table  13.2) where a distinct cause may be 
 apparent. For example, a boy with Duchene mus-
cular dystrophy on chronic corticosteroid treat-
ment would feature low serum ALP due to the 
long- term suppression of bone turnover resulting 
from chronic corticosteroid treatment. In this 
clinical setting, further laboratory workup to rule 
out HPP is not required. In some clinical situa-
tions, where the reason for low ALP level cannot 
be ascertained, clinicians may need to obtain 
additional laboratory tests including serum zinc, 
magnesium, thyroid function test, complete 
blood count, parathyroid hormone (PTH), vita-
min B12, vitamin C, vitamin D, celiac antibodies, 
serum ceruloplasmin, and renal and liver func-
tion tests, in order to rule out conditions outlined 
in Table 13.2 (Saraff et al. 2016).

13.3.3  Laboratory Workup for HPP

The key to correct diagnosis of HPP is a low ALP 
level. A critical caveat is that ALP levels must be 
interpreted within the context of age- and gender- 
appropriate reference ranges. ALP levels are con-
siderably much higher in healthy children 
compared to adults. Serum ALP is especially 
high during the growth spurt of adolescence, 
which occurs earlier in girls than in boys. Some 
clinical laboratories still report values only for 
adults. Therefore, a child’s serum ALP level may 
be incorrectly interpreted to be normal if using an 
adult reference range, when it is actually remark-
ably low if using the correct and much higher 
pediatric reference range.

Patients with persistently low ALP levels 
require further diagnostic evaluation for HPP, 
even in the absence of other clinical symptoms 
(Saraff et al. 2016). To confirm diagnosis of HPP, 
clinicians should document elevation of TNSALP 
substrates resulting from markedly reduced ALP 
activity. Three substrate markers elevated in HPP 
are plasma/serum PLP and PPi, and urine 
PEA. Serum PLP typically is ordered as “vitamin 
B6”. Ingestion of vitamin supplements containing 
vitamin B6 can result in false positive values, 
therefore, vitamin supplements must be avoided 
for 1 week before laboratory testing. Serum PLP 
concentrations are associated with phenotype 
severity (Akiyama et  al. 2018), and the occur-
rence of fractures and multiple symptoms in adult 
HPP (Schmidt et al. 2017). A medical laboratory 
test for serum PPi is not commercially available 
and is performed only in research laboratory set-
tings. Elevated urine PEA supports a diagnosis of 
HPP, but is not pathognomonic. When low serum 
ALP levels are associated with elevated PLP and/
or PEA concentrations, radiographs of wrist and 
knee joints should be obtained. Antero-posterior 
and lateral view of skull may also need to be eval-
uated. Patients with suspected HPP should be 
referred to endocrinologists or bone specialists.

Table 13.2 Differential diagnosis of hypophosphatasia 
(HPP) from low serum alkaline phosphatase (ALP)

Conditions with low ALP
 Hypophosphatasia (HPP)
 Hypothyroidism
 Cushing syndrome or chronic corticosteroid treatment
 Profound anemia
 Wilson’s disease
 Celiac disease
 Starvation
 Milk-alkali syndrome
 Cardiac-bypass surgery
 Zinc or magnesium deficiency
 Vitamin C deficiency
 Vitamin D intoxication
 Radioactive heavy metals
  Improper collection of blood specimen  

(e.g., EDTA, oxalate)
 Inappropriate reference range
Conditions with low serum ALP that can mimic HPP
 Osteogenesis imperfecta (OI) type II
 Cleidocranial dysplasia
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13.3.4  Genetic Testing

Mutational analysis of the ALPL gene can be per-
formed to establish the diagnosis of HPP, 
although it may not be necessary in straightfor-
ward cases when clinical, radiographic and bio-
chemical laboratory findings are consistent with 
HPP. ALPL gene analysis in affected individuals 
and family members can provide genetic infor-
mation to help understand inheritance pattern and 
recurrence risks for genetic counselling to the 
family. In some cases, ALPL mutations are diffi-
cult to identify through the most common 
sequencing methods.

13.4  Attempted Treatments 
for Severe 
Hypophosphatasia Prior 
to Enzyme Replacement 
Therapy

Prior to the development and approval of AA 
ERT described below, management of HPP was 
limited to supportive care that included pain 
relief, orthopedic surgeries for fractures, treat-
ment of hypercalcemia with hydration and low- 
calcium diet, or ventilator support for severely 
affected infants with respiratory insufficiency. 
While this range of support remains the stan-
dard of care for the majority of affected indi-
viduals, novel therapeutic interventions have 
been attempted in cases of severely affected 
infants and children. Despite the lack of long-
term success of these attempted therapies, they 
provided invaluable insights into the etiopathol-
ogy of HPP.

13.4.1  Blood Transfusion

Recognition that HPP caused low circulating 
ALP levels prompted interventions to attempt to 
ameliorate effects of severe HPP. Paget’s disease 
of bone (PDB; OMIM# 167250, 239000, 602080, 
616833), a metabolic disease of increased and 

disorganized bone remodeling that typically 
strikes in adulthood, causes dramatically 
increased ALP, likely due to increased numbers 
and activity of osteoblasts (Vallet and Ralston 
2016). In a novel and clever approach to treat a 
metabolic disorder, Whyte and colleagues col-
lected ALP-rich plasma from adult subjects with 
PDB and administered this by intravenous (IV) 
infusion to four subjects with severe infantile 
HPP (Whyte et al. 1982, 1984). Weekly treatment 
over the course of five or more weeks elevated 
ALP into the normal range for all subjects. 
Hypercalcemia was better controlled in subjects, 
one subject showed radiographic stabilization of 
rickets, and another exhibited histological 
improvement of skeletal mineralization. 
However, urinary PPi and PEA remained ele-
vated, and hypomineralization and skeletal defor-
mities persisted and worsened over time. After 
failure of PDB plasma to improve the manifesta-
tions of HPP, one subject was additionally seri-
ally administered parathyroid hormone (PTH), 
prednisone, and then infused with normal plasma 
over several months [mimicking another report 
indicating improvement after infusing an HPP 
subject with normal plasma (Albeggiani and 
Cataldo 1982). These combined interventions 
failed to make a substantial improvement and all 
four patients died from pneumonia secondary to 
HPP developmental defects (Whyte et al. 1986). 
Based on these disappointing outcomes, the 
authors speculated that perhaps ALP in circula-
tion is not physiologically active or is not access-
ing the tissues where its activity is required, an 
observation supported by previous in vivo studies 
(Clubb et al. 1965; Jung et al. 1970).

13.4.2  Bone Marrow Transplantation

In 2003, Whyte and colleagues took a different 
tack, administering bone marrow cell transplan-
tation (BMT) to an 18-month-old female subject 
with severe infantile HPP (Whyte et  al. 2003). 
With this intervention, T-cell depleted marrow 
from a healthy sister was successfully engrafted 
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and provided substantial benefit to the subject, 
notably reversing rickets and improving skeletal 
mineralization at 3  months post- 
BMT. Improvements proved transient when host 
hematopoiesis returned, accompanied by wors-
ening rickets, scoliosis, and fractures by 6 months 
post-BMT.  This reversal prompted a follow-up 
“stromal cell boost” (SCB) treatment. This sec-
ond round again appeared to promote skeletal 
improvements, though severe disabilities 
remained and biochemical features of HPP were 
not corrected. This therapy was also accompa-
nied by use of cyclosporine, glucocorticoids, and 
calcitonin, all of which can affect skeletal remod-
eling, though engraftment of donor mesenchymal 
cells likely contributed the largest improvement. 
In a modified approach, Whyte and colleagues 
treated a 9.5-month-old female with severe infan-
tile HPP with BMT using her father’s marrow, 
followed by implantation of bone fragments (also 
from the father) subcutaneous (SC) and intraperi-
toneally (IP), and IV administration of primary 
osteoblasts harvested and expanded ex vivo from 
additional bone fragments (Cahill et  al. 2007). 
Though minimal engraftment was detectable 
over time, the subject showed decreased severity 
of rickets and scoliosis and improvement in skel-
etal mineralization, described by the authors as a 
shift from infantile to a milder phenotype more 
consistent with childhood HPP. Intriguingly, the 
subject was reported to retain her deciduous teeth 
after BMT and bone transfer.

13.4.3  Other Interventions

Shortcomings of these attempted therapies have 
been hypothesized to arise from relatively short 
treatment times, insufficiently elevated steady 
state ALP in circulation, and/or inability for solu-
ble TNSALP to access or be retained at sites of 
skeletal mineralization, i.e. the mineralization 
front. Other than attempts to directly or indirectly 
supply functional ALP, few treatments have been 
attempted and none have been very successful. 
Bisphosphonates, a group of drugs that prevent 
bone loss by inhibiting osteoclast function, have 
been given to some individuals with HPP, usually 

due to misunderstanding of pathological mecha-
nisms of HPP or without proper diagnosis (Cundy 
et al. 2015; Deeb et al. 2000; Doshi et al. 2009; 
Righetti et  al. 2018; Sutton et  al. 2012). As 
bisphosphonates do not promote bone formation, 
and the first generation of the drugs functioned 
much like synthetic PPi to disrupt mineralization, 
these drugs typically worsen the hypomineraliza-
tion caused by HPP and are strongly contraindi-
cated for use in HPP patients.

Teriparatide (TPTD), a recombinant peptide 
based on the N-terminal portion of human para-
thyroid hormone (PTH), is an anabolic agent used 
to treat osteoporosis. Administration of TPTD to 
an individual with adult HPP and several stress 
fractures was able to increase ALP levels to within 
normal range (albeit at the lower edge), reduce 
bone pain, and was associated with good fracture 
healing (Whyte et  al. 2007). Additional case 
reports on TPTD use in subjects with HPP have 
indicated potentially positive effects on reducing 
osteomalacia or accelerating bone healing (Cundy 
et al. 2015; Doshi et al. 2009; Righetti et al. 2018). 
Relative success of TPTD treatment may depend 
on the phenotype and biochemistry of each indi-
vidual HPP patient as the increased numbers and 
activity of osteoblasts will still produce defective 
TNSALP enzyme.

13.5  Animal Models 
of Hypophosphatasia

13.5.1  Alpl Knock-Out Mice

The experimental interventions described above 
were performed with consent on patients with 
severe HPP and a high likelihood of lethality. 
While these therapeutic attempts were mostly 
unsuccessful at promoting long-term improve-
ment in individuals with severe HPP, they 
revealed important clues about the pathology of 
HPP and what a successful therapeutic interven-
tion would require. However, an animal model of 
HPP was necessary to systematically test the 
safety and efficacy of new therapies prior to use 
in human patients. With the discovery that loss- 
of- function mutations in the gene ALPL caused 
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HPP (Weiss et  al. 1988, 1989a, b), researchers 
now had a target for developing clinical interven-
tions. Based on breakthroughs in mouse genetics 
in the 1980s (Doetschman et al. 1987; Evans and 
Kaufman 1981; Mak 2007; Skoultchi et al. 1987; 
Thomas and Capecchi 1987), the ability to genet-
ically inactivate specifically targeted genes in 
mice emerged in the 1990s as a novel and power-
ful strategy for understanding the functional 
importance of the encoded proteins (Hall et  al. 
2009). As they would for many other genes and 
diseases, these advances paved the way for devel-
opment of mouse models to study HPP.

In the first reported mouse model of HPP from 
the laboratory of Dr. Grant MacGregor (some-
times referred to as the EM strain, for their cre-
ation at Emory University), exons 2–6 of mouse 
Alpl were targeted by homologous recombination 
in embryonic stem (ES) cells, reducing serum 
ALP by more than 90% (Waymire et al. 1995). 
Interestingly, authors reported that homozygous 
Alpl knockout (Alpl−/−) mice at early postnatal 
ages did not display the expected skeletal defects. 
However, by 2 weeks of age, Alpl−/− mice devel-
oped spontaneous seizures, leading to early 
lethality. Alpl−/− mice featured increases in pro-
posed TNSALP substrates, PPi, PEA, and 
PLP.  Increased PLP associated with decreased 
γ-aminobutyric acid (GABA) in the brain was 
found to be responsible for seizures, and pyri-
doxal injections combined with soft diet (chew-
able even with hypomineralized teeth and jaws) 
rescued some mice from seizures and early 
lethality, establishing the importance of TNSALP 
in vitamin B6 metabolism. In knockout mice 
where lifespan was extended by rescue, authors 
identified apparent defects in incisors consistent 
with dental enamel phenotypes reported in some 
human subjects with HPP.  The second mouse 
model of HPP was reported shortly thereafter 
from the laboratory group of Dr. Jose Luis Millán 
(the so-called LJ strain, for creation at the 
Burnham Institute in La Jolla), targeting Alpl 
exons 5–8 through homologous recombination in 
ES cells (Narisawa et al. 1997). Like the previous 
model, these Alpl−/− mice displayed severe sei-
zures and died before weaning. While body sizes 
and skeletons of Alpl−/− mice appeared similar to 

controls at early ages, analysis of bones at 8 days 
postnatal (dpn) or later revealed numerous exam-
ples of hypomineralization and fractures, as well 
as long bone growth plate abnormalities and 
hypomineralized and abnormal vertebrae 
(Fig. 13.4a–c). A follow-up report directly com-
paring the EM and LJ mouse strains determined 
that by 10  dpn, both models featured substrate 
accumulation and prominent bone hypomineral-
ization, followed by progressive rachitic changes 
in long bones, accumulation of osteoid, and 
occurrence of bone fractures (Fedde et al. 1999). 
While minor differences in HPP severity were 
documented (possibly due to genetic back-
ground), both models replicated clinical manifes-
tations of severe infantile HPP.  The Millán lab 
employed the LJ HPP mouse model extensively 
over the next two decades, exploring the role of 
TNSALP in bone mineralization, vitamin B 
metabolism, and other organ systems, as well as 
elucidating interactions of TNSALP with other 
mineralization regulators including ANK and 
ENPP1 (Anderson et al. 2004, 2005; Cruz et al. 
2017; Harmey et  al. 2004, 2006; Hessle et  al. 
2002; Johnson et al. 2000; Narisawa et al. 2001, 
2003; Sebastian-Serrano et al. 2016; Shao et al. 
2000; Street et al. 2013; Wennberg et al. 2000).

While an earlier publication confirmed that 
Alpl−/− mice featured cementum hypoplasia con-
sistent with descriptions in the HPP case report 
literature (Beertsen et al. 1999), a series of addi-
tional reports focused in greater detail on other 
developmental dental and craniofacial defects in 
Alpl−/− mice, finding disturbed enamel mineral-
ization, dentin hypomineralization, and defective 
cranial base mineralization, abnormal cranial 
shape, and craniosynostosis (Fig.  13.4d–g) 
(Durussel et al. 2016; Foster et al. 2013; Liu et al. 
2014; Nam et al. 2017; Yadav et al. 2012). In par-
ticular, it became clear through studies in HPP 
(and other mouse) models and that the acellular 
cementum critical for tooth attachment was espe-
cially sensitive to disturbances in  local PPi 
metabolism (Fig.  13.4h) (Foster et  al. 2012; 
Nociti et al. 2002; Rodrigues et al. 2011; Zweifler 
et al. 2015), an insight made possible through the 
initial clues provided by the natural experiment 
of ALPL loss-of-function mutations.
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Fig. 13.4 The Alpl knockout mouse model of severe 
infantile HPP. (a) Radiographs of hind paws of wild type 
(WT) and Alpl−/− mice at 22 dpn. Alpl−/− mouse phalanges 
and metatarsals exhibit hypomineralization and deformi-
ties (yellow arrows). (b) Radiographs of hind limbs of WT 
and Alpl−/− mice at 22 dpn. Alpl−/− mouse femurs, tibias, 
and fibulas (white arrows) exhibit reduced mineralization, 
bowing, fracturing, and growth plate defects (yellow 
arrows). (c) Radiographs of caudal vertebrae (white 
arrow) of WT and Alpl−/− mice at 22  dpn. Alpl−/− mice 
show enlarged spaces between hypomineralized vertebrae 
(yellow arrow). (d) Radiographs of skulls of WT and 
Alpl−/− mice at 15 dpn. Alpl−/− mouse cranial bones feature 
severe hypomineralization and altered craniofacial shape. 
(e) Radiographs of mandibles with molars and incisors of 
WT (white arrows) and Alpl−/− mice at 22  dpn. Alpl−/− 
mouse mandibles show reduced radiopacity in molars and 
incisors (yellow arrows). (f) Micro-CT of WT and Alpl−/− 
mouse mandibles of at 14 dpn. Alpl−/− mouse molars, inci-

sors, and alveolar bone show radiolucency (yellow ∗) 
indicative of severe hypomineralization. (e) Von Kossa 
stained undecalcified tissue sections of WT and Alpl−/− 
mouse mandibles at 12 dpn. Compared to well mineral-
ized molar dentin in WT (indicated by black stain), 
Alpl−/− mouse molar roots featured hypomineralized den-
tin matrix (lack of black stain). (f) Hematoxylin and eosin 
(H&E) tissue sections of WT and Alpl−/− mouse mandi-
bles at 22 dpn. Compared to the organized and functional 
periodontal complex in WT, Alpl−/− mouse molars lack 
acellular cementum (Cem) (red ∗), causing detachment of 
the periodontal ligament (PDL) and disorganized PDL 
and alveolar bone. (Images in panels a–c, and e repro-
duced with permission from Yadav et al. 2011. Images in 
panel d reproduced with permission from Liu et al. 2014. 
Images in panel g reproduced with permission from Foster 
et al. 2013. Images in h reproduced with permission from 
Bowden and Foster, Drug Des Devel Ther 12:3147–3161, 
2018)
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13.5.2  Alpl Knock-In Mice

Alpl−/− mice have been invaluable for providing 
insights into HPP pathology and treatment (as 
detailed in the following sections), however, the 
severity of the disease and resulting early lethality 
have been limitations for understanding the less 
severe end of the HPP spectrum experienced by 
many patients, and have additionally  prevented 
long-term studies on therapeutic interventions at 
later ages. Therefore, attempts have been made to 
develop novel and less severe HPP mouse models. 
One approach was to genetically knock into mice 
an autosomal dominant mutation from a well-
characterized kindred of HPP subjects reporting 
primarily dental defects and identified as falling 
within the odonto-HPP clinical type (Hu et  al. 
2000). Heterozygous Alpl+/A116T mice featured 
50% decreased ALP and no apparent develop-
mental, structural, or mechanical long bone phe-
notype by 120 dpn, considered to be adulthood in 
mice (Foster et  al. 2015). Alterations were 
described in parietal bones of the skull, as well as 
alveolar bone of the jaw, where accumulation of 
osteoid and increased bone resorption were noted. 
Based on this phenotype, Alpl+/A116T mice were 
described as a mouse model of odonto- HPP, 
though prominent defects in cementum, dentin, 
and enamel were not found, making it difficult to 
use these mice in therapeutic rescue experiments.

13.5.3  Alpl Conditional Knock-Out 
Mice

A second approach at creating a less severe mani-
festation of HPP in mice employed conditional 
ablation of the Alpl gene through the Cre/lox 
genetic system. In this strategy, two short loxP 
nucleotide sequences were inserted into mouse 
Alpl allele introns surrounding exons 3 and 4. 
Conditional deletion of Alpl was achieved by 
crossing floxed Alpl (Alplfl/fl) mice with mouse 
lines carrying a Cre recombinase transgene under 
either the Col1a1 promoter (to delete Alpl in 
osteoblasts and dental cells) or Prx1 promoter (to 
delete Alpl in limb buds, chondrocytes, osteo-
blasts, and craniofacial mesenchyme) (Foster et al. 

2017). Both conditional knockout lines lacked sei-
zures and early lethality prominent in Alpl−/− mice, 
but displayed 75% reduced ALP and profound 
skeletal defects including rachitic changes, osteo-
malacia, deformations, and signs of multiple frac-
tures at the advanced age of 180 dpn. Key aspects 
of HPP-associated dental defects were recapitu-
lated, and these conditional Alpl knockouts were 
the first to demonstrate periodontal breakdown 
and alveolar bone loss, likely in part due to their 
longer lifespan allowing sufficient time for this 
manifestation. Alplfl/fl mice may be crossed with 
any number of other Cre recombinase-carrying 
mouse lines, allowing targeted Alpl ablation in tis-
sue- or time-specific manner that makes this a 
powerful approach for understanding pathological 
mechanisms and investigating potential therapies.

13.5.4  Alpl Knock-In Sheep

In 2018, the first large animal model of HPP was 
established. Gaddy, Suva, and colleagues 
knocked into sheep the same A116T ALPL exon 
10 mutation used to engineer Alpl+/A116T mice, as 
described above. Alpl+/A116T heterozygous sheep 
exhibited approximately 30% decrease in ALP 
activity, decreased vertebrae size, metaphyseal 
flaring, altered gait, primary incisors with thin 
and short roots, reduced alveolar bone levels, and 
abnormal muscle histology (Williams et  al. 
2018). This model may provide novel insights 
into pathology and therapies because unlike in 
mice, sheep bone organization and remodeling is 
highly analogous to humans and sheep are diphi-
odont with primary and secondary dentitions.

13.6  Development 
of Recombinant Mineral- 
Targeting TNSALP for ERT

13.6.1  Origins of the Mineral- 
Targeted ERT Concept

Based on unsuccessful attempts to treat HPP with 
transfusions of high TNSALP blood and cell 
transplants, a new goal was set to develop a 
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recombinant TNSALP enzyme that could be 
effectively targeted to where PPiase activity was 
required, i.e. the mineralization front of develop-
ing bones and teeth. Dr. Philippe Crine had begun 
exploring this concept in the context of another 
enzyme, PHEX, and its associated hereditary 
metabolic disorder, X-linked hypophosphatemia 
(XLH; OMIM# 307800) (Boileau et  al. 2001; 
Campos et  al. 2003). Along with scientists at 
Enobia Pharma (Montreal, Canada) Dr. Crine 
turned his attention to HPP.

As a first step to engineer a soluble secreted 
TNSALP that could be expressed in  vitro, the 
hydrophilic GPI-anchor was removed from the 
C-terminus, and the Fc region of human IgG anti-
body was added to allow column chromatogra-
phy purification (Millan et al. 2008). In order to 
enhance delivery of recombinant TNSALP to 
bone, a highly negatively charged sequence of 
ten sequential aspartic acid residues, the so-called 
deca-aspartate or D10 extension, was added to the 
C-terminus of the protein (Fig. 13.5a). This type 
of acidic amino acid “tail” had been previously 
demonstrated to significantly improve in  vivo 
delivery and retention of TNSALP to bones in 
mice (Nishioka et  al. 2006). The high negative 
charge density of the D10 tail mimicks naturally 
occurring bone-associated proteins with acidic 
amino acid motifs, e.g. members of the Small 
Integrin-Binding Ligand N-Linked Glycoprotein 
(SIBLING) protein family including osteopontin 
(OPN), dentin phosphoprotein (DPP), and bone 
sialoprotein (BSP) (Fisher and Fedarko 2003; 
Staines et al. 2012). Recombinant TNSALP-D10 
expressed in  vitro in Chinese hamster ovary 
(CHO) cells was purified and molecular mass 
was confirmed by Western blotting to be consis-
tent with homodimer formation (Millan et  al. 
2008). Importantly, TNSALP-D10 bound to HAP 
surfaces 32-fold more efficiently than the unmod-
ified TNSALP control, and exhibited enzymatic 
catalytic activity in the bound fraction.

As a first in vivo test for TNSALP-D10, phar-
macokinetics and tissue distribution were investi-
gated in adult and newborn mice. A single 
intravenous (IV) bolus of 5 mg/kg in adult mice 
provided proof-of-concept when prolonged 
retention of radiolabeled enzyme was detected in 
bone, but sustained accumulation was not found 

in other tissues (Millan et  al. 2008). Repeated 
daily subcutaneous injection of 10 mg/kg enzyme 
in newborns reproducibly elevated circulating 
ALP levels to about 50-fold higher than normal 
levels, also increasing enzyme catalytic activity 
in bone.

13.6.2  Preclinical Studies 
of Recombinant TNSALP 
Enzyme Replacement Therapy

Efficacy of asfotase alfa was investigated using 
the LJ Alpl−/− mouse line, a model of severe 
infantile HPP developed in the lab of Dr. Jose 
Luis Millán (described in detail above). Based on 
daily subcutaneous injections to newborns over 
the course of 15 days, 2 mg/kg was determined to 
be the minimal efficacious dose, as indicated by 
normalized growth rate, increased vertebral bone 
mineral density (BMD), and positive changes in 
cortical and trabecular bone (Millan et al. 2008). 
The higher dose of 8.2 mg/kg injected subcutane-
ously to newborns increased lifespans and pre-
vented skeletal defects and fractures in 
Alpl−/− mice over both short and long term exper-
iments (Fig. 13.5b, c). Untreated knockout mice 
died by a median 18.5  days, whereas 75% of 
treated Alpl−/− mice lived to 52  dpn (the preset 
conclusion of the experiment), displaying normal 
physical activity and dramatic improvement in 
long bone length, appearance of secondary ossifi-
cation centers, and lack of fractures. Further 
dose-response experiments established that the 
dose preventing 80% of bone defects in mice 
(ED80) was 3 mg/kg for skeletal sites including 
feet, lower limbs, ribs, and jaws (Yadav et  al. 
2011). High dose AA ERT prevented craniosyn-
ostosis and largely normalized cranial shape and 
mineralization of craniofacial bones (Fig. 13.5d) 
(Durussel et al. 2016; Liu et al. 2015; Nam et al. 
2017). AA treatment significantly improved den-
tal mineralization and function in Alpl−/− mice, 
preventing enamel defects, significantly improv-
ing dentin mineralization, and allowing forma-
tion of functional acellular cementum to 
normalize tooth attachment (Fig.  13.5e) (Foster 
et al. 2013; McKee et al. 2011; Millan et al. 2008; 
Yadav et al. 2012).

S. A. Bowden and B. L. Foster



297

Fig. 13.5 TNSALP enzyme replacement therapy in a 
mouse model of HPP. (a) Model of recombinant asfotase 
alfa enzyme showing the TNSALP dimer (blue), human 
IgG1 Fc domain (green), and D10 deca-aspartate tail (red). 
On the right, a simulated model shows predicted interac-
tion of the highly negatively charged D10 tail with the 
positively charged calcium plane in the hydroxyapatite 
(HAP) crystal. (b) Percent survival of wild type (WT), 
untreated Alpl−/−, and Alpl−/− mice receiving 8.2  mg/kg 
TNSALP ERT over the course of the study. (c) 
Radiographs of hind limbs at 16 dpn shows improvements 
in long bone lengths, shape, and appearance of secondary 
ossification centers in Alpl−/− mice receiving ERT. (d) 
Micro-CT of skulls at 15 dpn shows that ERT produces 
improvements in size, shape, and mineralization of cra-
niofacial bones in Alpl−/− mice. (e) Von Kossa stained 

undecalcified tissue sections (left panels for each group) 
indicate that ERT rescues root dentin mineralization in 
Alpl−/− mice, as indicated by black stained appearance of 
mineralized tissues. Hematoxylin and eosin (H&E) 
stained sections (right panels for each group) reveal that 
ERT prevents acellular cementum (AC) hypoplasia (∗) in 
Alpl−/− mouse molars, allowing periodontal ligament 
(PDL) attachment and normal periodontal architecture. 
(Images in panel a reproduced with permission (via 
republication of material within the agreed-upon thresh-
olds between STM Permissions Guidelines signatories) 
from McKee et  al. 2011. Graph in panel b, images in 
panel c, and von Kossa images in panel e reproduced with 
permission from Millán et  al. 2008. Images in panel d 
reproduced with permission from Liu et al. 2015. Images 
in panel e reproduced with permission from Bowden and 
Foster, Drug Des Devel Ther 12:3147–3161, 2018)
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The importance of the mineral-targeting 
aspect of TNSALP-D10 was tested by another 
group that attempted to use recombinant 
TNSALP lacking the C-terminal GPI anchor, 
effectively making this a soluble form of the 
enzyme (Oikawa et  al. 2014). Purified enzyme 
produced by CHO cells was administered to 
1  dpn Alpl−/− mice by IV infusion of 10  U/g 
TNSALP, followed by SC administration of a 
larger dose of 20 U/g from 3 to 28 dpn and finally 
with 10 U/g delivered IV every 3 days until mice 
were 6 month old. The lifespans of treated Alpl−/− 
mice were extended, however, decreased body 
weight compared to WT control mice persisted 
from about 30  dpn until the end of the study. 
Treated Alpl−/− mice exhibited shorter body 
length, reduced bone length, hypomineralization, 
and incisor malocclusion indicating cementum 
defects. Pharmacokinetic studies indicated rapid 
clearance and development of antibodies against 
recombinant TNSALP over time, factors poten-
tially diminishing efficacy. Thus, despite improv-
ing survival and eliminating seizures, soluble 
TNSALP therapy proved much less effective 
than mineral-targeted TNSALP-D10 at correcting 
skeletal and dental disorders in this study.

These initial Alpl−/− mouse studies indicated 
tremendous potential for enzyme replacement 
therapy in treating HPP. However, one important 
limitation in the study designs and their interpre-
tation was that enzyme replacement was initiated 
prior to onset of the majority of HPP skeletal and 
dental manifestations, as mouse pups were 
injected starting at early postnatal ages. Therefore, 
AA was demonstrated to prevent HPP-associated 
pathology in mice, but not necessarily reverse or 
ameliorate already existing pathology. Because 
the skeleton is in a constant state of remodeling 
through the actions of osteoblasts, osteocytes, and 
osteoclasts, introduction of functional 
TNSALP-D10 to mice or humans with HPP would 
be expected to promote mineralization of osteoid, 
resulting in replacement of poor quality bone with 
much improved bone tissue with superior mechan-
ical properties. However, enamel, dentin, and 
cementum of teeth do not remodel, and dentin and 
cementum have limited ability for repair, there-
fore timing of therapeutic intervention is likely 
critical to correct formation and improve function 

of the teeth. This lesson on early intervention of 
treatment has been learned through other endo-
crine disorders and metabolic disorders affecting 
teeth, such as nutritional vitamin D deficiency and 
X-linked hypophosphatemia (XLH; OMIM 
307800) (Biosse Duplan et al. 2017; Davit-Beal 
et al. 2014; Foster and Hujoel 2018).

13.7  Therapeutic Efficacy 
of TNSALP ERT in Clinical 
Trials and Case Reports

Following the successful preclinical studies in 
Alpl−/− mice described in the preceding section, 
in 2008, the first clinical trials for TNSALP-D10 
in infants and young children with perinatal or 
infantile HPP began (NCT00744042 phases 1 
and 2 interventional study in infants). Additional 
clinical trials that followed included: 
NCT00739505 phase 1 interventional study in 
adults with HPP, NCT01205152 phase 2 inter-
ventional study in infants and children in 2009, 
NCT00952484 phase 2 interventional study in 
juveniles in 2009, NCT01203826 phase 2 inter-
ventional extension study in children in 2010, 
NCT01163149 phase 2 interventional study in 
adolescents and adults in 2010, NCT01176266 
phases 2 and 3 open label interventional study in 
infants and young children in 2010, and 
NCT02797821 phase 2 interventional study in 
adults with pediatric-onset HPP in 2016, all of 
which now completed in the US, Canada, Europe, 
and Australia. In Japan, clinical trials completed 
include NCT02456038 phase 2 interventional 
study in children and adults in 2014, and 
NCT02531867 phase 4 interventional study in 
children and adults in 2015. Ongoing and recruit-
ing clinical trials as of this writing include: 
NCT02496689 expanded access trial for children 
and adults with HPP (in the U.S. and France); 
NCT03418389 observational trial in adults with 
pediatric-onset HPP treated with AA (Germany); 
NCT02306720 prospective long-term observa-
tional trial in children and adults who have 
received AA (multiple countries); and 
NCT02751801 observational retrospective trial 
to evaluate the personal and economic burden of 
HPP to determine whether a clinical trial for less 
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severe clinical forms is warranted (United 
Kingdom). TNSALP-D10 was renamed as asfo-
tase alfa (AA) (under Alexion Pharmaceuticals, 
Inc., New Haven, CT, USA; also known as 
ALXN1215 or previously ENB-0040 under 
Enobia Pharma, Inc.)

In 2015, AA (Strensiq) was approved by regu-
latory agencies in Japan, then Canada, the 
European Union, and the United States for 
pediatric- onset HPP. Treatment outcomes of AA 
ERT from clinical trials and case reports pub-
lished to date are summarized in Table 13.3.

Table 13.3 Treatment outcomes of asfotase alfa in clinical trials and case reports

Reference and 
clinical trial 
number

Study type, 
patient number 
(N)

Age at 
treatment

Dosage and duration 
of therapy

Main clinical 
outcomes (skeletal, 
respiratory, and 
survival) Comments

Perinatal and infantile HPP (treatment initiation before 3 years of age)
Whyte et al. 
(2012);
NCT00744042

Open-label, 
multinational 
clinical trial; 
N = 10 (4 
perinatal, 6 
infantile)

Mean age: 
13.1 months 
(Range 
0.6–36 
months)

Single IV infusion 
at 2 mg/kg, 
followed by SC 
1 mg/kg 3 times/
week; Dose could 
be increased up to 
3 mg/kg if no 
improvement; 
Duration: 1 year

Healing of rickets 
and improved 
mineralization at 
6 months.
Most patients were 
off ventilator by 
48 weeks of 
treatment.
Improvement in 
motor function.
Improved survival 
rate

Progressive 
craniosynostosis 
requiring 
neurosurgery in 2 
patients.
Nephrocalcinosis 
did not progress 
after 6 months of 
treatment and even 
improved in some 
patients.
No hypocalcemia, 
no ectopic 
calcification 
detected.
One patient died 
from sepsis at age 
7.5 months.

Whyte et al. 
(2016b)
NCT00744042 
NCT01176266 
NCT01205152 
NCT01419028

Open-label, 
multinational, 
multicenter, 
phase 2 
clinical trial; 
N = 37 vs. 48 
historical 
controls

Mean age: 
23 months 
(Range 
0–71 months)

SC 1 mg/kg 6 
times/week or 
2 mg/kg 3 times/
week; Duration: 
2.7 years

Improved skeletal 
mineralization.
75% weaned off 
ventilator support.
Improved survival 
rate in treated 
patients vs. 
historical controls: 
95% vs. 42% at 
age 1 year and 
84% vs. 27% at 
age 5 years.

2 deaths: 1 from 
pneumonia and 1 
from neurological 
complications of 
craniosynostosis

Kitaoka et al. 
(2017)
NCT02456038

Open-label, 
multicenter 
clinical trial; 
N = 10

Mean age: 
3 months 
(Range birth 
– 7.6 months)

SC 2 mg/kg 3 
times/week; 
Duration: 1 year 
(Range 
0.1–2.4 years)

Improved 
mineralization of 
bones including 
ribs.
Two patients 
weaned off 
respiratory support 
during the first 
month of AA 
treatment.
100% survival rate

Hypocalcemia 
with seizure in 1 
patient.
No progression of 
nephrocalcinosis in 
3 patients.

(continued)
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Table 13.3 (continued)

Reference and 
clinical trial 
number

Study type, 
patient number 
(N)

Age at 
treatment

Dosage and duration 
of therapy

Main clinical 
outcomes (skeletal, 
respiratory, and 
survival) Comments

Rodrigues et al. 
(2012)

Case report; 
Perinatal 
lethal HPP

3 weeks old Single IV 2 mg/kg 
infusion, then SC 
1 mg/kg 3 times/ 
week for 8 weeks, 
then 2 mg/kg 3 
times/week; 
Duration: 
31 weeks

Improved bone 
mineralization.
Decreased oxygen 
and pressure on 
mechanical 
ventilation at 
10 weeks.
Discharged home 
with a portable 
ventilator without 
oxygen at 
32 weeks.
The patient died at 
34 weeks of sepsis 
and lung 
infections.

The patient was 
born at 33 weeks 
gestational age and 
developed 
bronchopulmonary 
dysplasia

Okazaki et al. 
(2016)

Case report; 
Perinatal 
lethal HPP

1 day old SC 2 mg/kg 3 
times per week;
Duration: 1.5 years 
(at time of report)

Visible 
improvement of 
bone 
mineralization by 
3 weeks of age.
Weaned off 
ventilation at 
7 months of age.
Discharged from 
hospital at 
10 months of age 
and still on 
tracheostomy and 
oxygen at 
18 months of age.

No 
craniosynostosis.
Hypocalcemia and 
convulsion after 
AA treatment, 
requiring calcium 
supplement for 
3 months.
Hearing loss 
improved.

Oyachi et al. 
(2018)

Case report; 
Perinatal 
lethal HPP

6 days old SC 2 mg/kg 3 
times/week; 
Duration:  0.5 year 
(at time of report)

Rickets 
disappeared by 2 
months of age.
Discharged home 
at 6 months of age.

Pyridoxine 
treatment for 
seizures was 
discontinued after 
AA treatment.
Transient 
hypocalcemia 
within 1 week of 
AA treatment, not 
requiring calcium 
supplement.

(continued)
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Table 13.3 (continued)

Reference and 
clinical trial 
number

Study type, 
patient number 
(N)

Age at 
treatment

Dosage and duration 
of therapy

Main clinical 
outcomes (skeletal, 
respiratory, and 
survival) Comments

Costain et al. 
(2018)

Case report; 
Perinatal 
lethal HPP

13 days old SC 2 mg/kg 3 
times/week;
Dose increased to 
a maximum of 
9 mg/kg/dose on 
day 67 due to lack 
of clinical 
improvement

Improved bone 
mineralization but 
no improvement in 
respiratory 
function and 
persistently small 
chest size; 
suspected 
pulmonary 
hypoplasia.
Patient died on day 
100 after AA 
treatment and 
respiratory support 
were withdrawn.

Hypocalcemia 
requiring calcium 
supplementation

Hacihamdioglu 
et al. (2018)

Case report;
Perinatal 
lethal HPP

21 days old SC 2 mg/kg 3 
times/week;
Duration: 1 year 
(at time of report)

Discharged home 
at 7 months of age.
Intubated at birth, 
though after 
12 months of 
treatment, 
ventilation via 
tracheostomy was 
needed only during 
sleep.

No hypocalcemia 
during AA 
treatment.
No sign of 
craniosynostosis at 
12 months.

Rougier et al. 
(2018)

Case report; 
Perinatal 
lethal HPP

22 days old SC 2 mg/kg 3 
times/week for 
1 month, then 
3 mg/kg 3 times 
per week, then 
back to 2 mg/kg 3 
times per week at 
34 weeks of age; 
Duration: 3 years

Improvement in 
mineralization of 
bones and ribs.
Intubated at birth, 
though taken off 
ventilation at 
41 weeks of age.
Improved muscle 
tone.

Neurosurgery for 
craniosynostosis at 
age 34 weeks.
Severe 
nephrocalcinosis 
discovered at age 
5 months.

Ucakturk et al. 
(2018)

Case report;
Perinatal 
lethal HPP

40 days old SC 2 mg/kg 3 
times/week;
Duration: 8 weeks

Minimal 
improvement in 
bone 
mineralization.
Intubated at birth, 
and no significant 
improvement in 
respiratory 
function.
The patient died at 
97 days due to 
ventilator-
associated 
pneumonia and 
sepsis.

AA treatment had 
not been long 
enough to detect 
improvement in 
bone 
mineralization and 
respiratory 
function.

(continued)
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Table 13.3 (continued)

Reference and 
clinical trial 
number

Study type, 
patient number 
(N)

Age at 
treatment

Dosage and duration 
of therapy

Main clinical 
outcomes (skeletal, 
respiratory, and 
survival) Comments

Children with HPP
Whyte et al. 
(2016a);
NCT00952484
NCT01203826

Open-label 
study in 
infantile or 
childhood 
HPP;
N = 13
(5 infantile, 8 
childhood)

Mean age 
8.8 years 
(Range 
6–12 years)

Initially 
randomized to SC 
2 or 3 mg/kg 3 
times/week for 
6 months, then 
6 mg/kg/week; 
Duration: 5 years

Significant healing 
of the skeletal 
manifestations.
Significant 
improvements in 
growth, strength, 
motor function, 
agility, and quality 
of life.
Pain and disability 
resolved.

Mild to moderate 
injection-site 
reactions.
Localized 
lipohypertrophy 
persisted in 6 of 8 
patients after 
3 years of 
treatment.

Adolescents and adults with HPP
Kishnani et al. 
(2017a, b)

Phase II, 
randomized, 
dose-ranging, 
open-label, 
multi-center 
study; N = 19

6 children 
aged 
13–18 years, 
and 13 adults 
aged 
18–65years.

0.3 (n = 7) or 
0.5 mg/kg/day 
(n = 6) asfotase 
alfa for 6 months, 
then all received 
0.5 mg/kg/day, 
increased 
6–12 months later 
to 1 mg/kg 6 times/
week; Duration: 
5 years

Improved physical 
function as 
assessed by 6 min 
walk test and 
Bruininks-
Oseretsky Test of 
Motor Proficiency.

3 patients 
withdrew: 2 for 
injection site 
reactions at 2 years 
and 3.5 years, 1 for 
poor compliance at 
2.5 years.

Bowden and 
Adler (2018a)

Case report; 
Severe 
childhood 
HPP

15 years old SC 2 mg/kg 3 
times/week; 
Duration: 1 year

Improved growth 
and physical 
function.
Chronic pain 
resolved.

Worsening 
scoliosis from 60 
to 110 degrees.

Remde et al. 
(2017)

Case report;
Adult with 
childhood- 
onset HPP

57 years old SC 80 mg 3 times/
week (given after 
hemodialysis for 
chronic renal 
failure); Duration: 
13 months

Reduced bone 
pain; Able to walk 
independently for 
3 m; Improved 
bone 
mineralization; No 
new fractures.

Prior to AA, 
patient received 
bisphosphonate 
therapy for a year 
and teriparatide for 
4 months.

Klidaras et al. 
(2018)

Case report; 
Adult with 
infantile-
onset HPP

41 years old SC 1 mg/kg 6 
times/week;
Duration: 
14 months at time 
of report

Healing of femoral 
pseudofracture of 
17 years.

Case report;
Adult with 
HPP

61 years old AA treatment for 
16 months at time 
of report

Complete healing 
of nonhealing 
femoral fracture of 
8 years.
Significantly less 
pain with 
ambulation.
Improvement in 
gait.

Prior to AA, 
patient was treated 
with teriparatide 
for 6 months to 
assist with fracture 
healing; 
discontinued due 
to side effect and 
no response in 
fracture healing.

(continued)
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13.7.1  Treatment of Perinatal 
and Infantile HPP

AA ERT substantially improved bone mineraliza-
tion, leading to improvement in respiratory func-
tion and survival in neonates and infants with HPP 
(Table 13.3) (Costain et al. 2018; Hacihamdioglu 
et al. 2018; Kitaoka et al. 2017; Oyachi et al. 2018; 
Rougier et al. 2018; Ucakturk et al. 2018; Whyte 
et  al. 2012, 2016b). Improvements in skeletal 
radiographs were apparent as early as week 3 
(Okazaki et  al. 2016) and were dramatic by 
24  weeks of treatment. Specifically, radiographs 
indicated improved mineralization, healing of rick-
ets, resolution of radiolucencies and sclerosis, frac-
ture healing, and reduced deformity (Fig. 13.6a–f). 
Patients with gross motor delay were bearing 
weight or walking by 48 weeks of treatment. The 
survival rate in 37 infants and young children 
(≤5 years) with perinatal or infantile HPP treated 
with AA had significantly improved compared to 
the historical control group (95% vs. 42% at age 
1  year and 84% vs. 27% at age 5  years, respec-
tively) (Whyte et  al. 2016b). Another study in 
Japan reported 100% survival rate in perinatal and 
infantile HPP treated with AA (Kitaoka et al. 2017), 
which might have been associated with early treat-

ment with AA (mean age at start of treatment 
3 months vs. 13–23 months in cohorts described by 
Whyte et al). AA therapy started on day one of life 
resulted in survival in an infant with lethal perinatal 
HPP as well as dramatic improvement in skeletal 
mineralization (Okazaki et al. 2016). The window 
of survival with AA treatment maybe narrow in 
lethal perinatal HPP, as one neonate with this severe 
life-threatening form died on day 4 of life without 
AA treatment (Castells et al. 2018). Prompt diag-
nosis and expeditious initiation of AA therapy is 
crucial to survival as it will likely improve ventila-
tion and minimize intensive care.

13.7.2  Treatment of Children 
(6–12 Years) with HPP

In 2016, Whyte and colleagues reported results of 
5  years of AA ERT in a cohort of 11 children 
aged 6–12  years (Table  13.3) (Whyte et  al. 
2016a). Similar to the cohort with the more 
severe form of infantile HPP, substantial radio-
graphic improvements were noted by 6 months, 
and persisted through 5  years of the study. 
Significant increase in weight Z scores was noted 
at 6  weeks of ERT, followed by significant 
increase in height Z scores (from mean −1.26 at 

Table 13.3 (continued)

Reference and 
clinical trial 
number

Study type, 
patient number 
(N)

Age at 
treatment

Dosage and duration 
of therapy

Main clinical 
outcomes (skeletal, 
respiratory, and 
survival) Comments

Freitas et al. 
(2018)

Case report;
Adult with 
childhood-
onset HPP

36 years old SC 2 mg/kg 3 
times/week; 
Duration: 
12 months at time 
of report

Able to walk 
without assistive 
devices.
Improved bone 
mineral density.
Improved bone 
microarchitecture 
detected by 
high-resolution 
peripheral 
quantitative 
computed 
tomography 
(HR-pQCT).

Also had stage III 
chronic kidney 
disease.
Prior to AA, 
patient was treated 
with alendronate 
70 mg weekly for 
8 years until 1 year 
before AA 
treatment.
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Fig. 13.6 TNSALP enzyme replacement therapy in 
human subjects. (a–c) Whole body, cranial, rib, and arm 
radiographs of an infant with perinatal HPP at baseline 

and 7 and 15 months after AA ERT. In addition to allow-
ing survival, ERT was associated with substantial 
improvements in mineralization and reduction of rachitic 
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baseline to −0.8) after 1.5 years of AA treatment. 
Most children receiving ERT displayed increased 
muscle strength and motor skills on par with 
healthy children, had normal ambulation and 
reduced disability, and reported reduced pain. 
Case reports of children administered AA ERT 
reported similarly dramatic skeletal improve-
ments (Kitaoka et al. 2017).

13.7.3  Treatment of Adolescents 
and Adults with HPP

Similar to the study in children, after 5 years of AA 
treatment, adolescents and adults with HPP had 
significant improvement in physical function with 
increases in 6-min walking test, and improvement 
in health-related quality of life (HRQOL) as mea-
sured by the Childhood Health Assessment 
Questionnaire Disability Index and the Pediatric 
Outcomes Data Collection Instrument global func-
tion (Table  13.3) (Kishnani et  al. 2016, 2017a; 
Tomazos et  al. 2017). ERT resulted in improved 
mobility without use of the previously used walk-
ing assistive device was achieved in an adolescent 
after 6 months of AA treatment (Bowden and Adler 
2018a), when striking improvements in bone radio-
graphs was observed (Fig. 13.6g, h). In a 59 year-
old adult with childhood-onset HPP, treatment with 
HPP significantly increased quality of life in terms 
of increased mobility, reduction in pain medica-
tion, and improved bone mineralization with heal-
ing of non-union fractures and no occurrence of 
new fractures (Remde et  al. 2017). In two adult 
HPP patients with longstanding non-healing frac-
tures, AA ERT dramatically improved healing and 
resolution of the fractures (Fig.  13.6i–l)  
(Klidaras et al. 2018).

13.7.4  Effects of ERT on Specific 
Clinical Features of HPP

As diverse and multi-systemic as HPP clinical 
manifestations are, so are therapeutic outcomes 
of AA ERT, and these deserve further attention 
and investigation. While AA ERT has produced 
dramatic improvements in skeletal manifesta-
tions of HPP, as described above, effects on other 
manifestations are not entirely uniform. Effects 
of ERT on biochemistry and various clinical 
aspects, including respiratory function, bone 
health, physical function, mobility, nephrocalci-
nosis, craniosynostosis, neurological manifesta-
tions, chronic pain, scoliosis, and dental tissues 
are outlined below.

13.7.4.1  Biochemistry
Low serum ALP levels with elevated serum PLP 
are diagnostic for HPP and these levels change 
dramatically after AA treatment and can be used 
to monitor the effect of, and patient compliance 
with ERT. As a result of three or six times weekly 
AA, levels of ALP have been reported as high as 
~24,000  IU/L within 4 weeks of initiating ERT 
(Kitaoka et al. 2017), remaining at elevated levels 
of 3000–6000 IU/L even after 5 years of therapy 
(Whyte et  al. 2016a). To date, these markedly 
elevated ALP levels do not appear to have harm-
ful effects. In contrast, when AA therapy is dis-
continued completely, serum ALP levels may 
decrease to undetectable levels (similar to pre-
treatment level), as demonstrated in an adoles-
cent boy who voluntarily discontinued AA ERT 
due to non-adherence (Bowden and Adler 2018b). 
This indicates that serum ALP level is a good 
marker for treatment adherence monitoring. 
Elevated serum PPi and serum PLP decrease dra-

Fig. 13.6 (continued) skeletal deformities. (d–f) Chest 
radiographs of an infant with HPP at baseline and 6 and 
12 months after AA ERT. Dramatic improvements in rib 
mineralization, chest structure, and thoracic volume were 
noted. (g and h) Hand radiographs of a 15-year-old patient 
with severe childhood HPP show marked metaphyseal 
fraying and characteristic “tongues” of radiolucency in 
the distal radius and ulna (yellow arrow) that are substan-
tially resolved after 6 months of AA ERT. (i–l) Series of 
radiographs of a nonhealing subtrochanteric fracture in a 

61-year-old male HPP patient showing lack of resolution 
12 years (i) and 17 years (j) after fracture, with marked 
improvements after 11 months (k) and 14 months (l) of 
AA ERT. (Images in a–c reproduced with permission 
from Okazaki et al. 2016. Images in d–f reproduced with 
permission from Whyte et al. 2016b. Images in g, h repro-
duced with permission from Bowden and Adler 2018a, b. 
Images in i–l reproduced from Klidaras et  al. 2018 and 
used under the terms of the Creative Commons CC BY 
license)
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matically in response to treatment (Akiyama 
et  al. 2018; Bowden and Adler 2018a; Kitaoka 
et al. 2017; Whyte et al. 2012, 2016a). Additional 
PLP-related metabolites, pyridoxal (a product of 
the enzymatic reaction of ALP) and 4-pyridoxic 
acid (a metabolite of pyridoxal) have been inves-
tigated as a diagnostic marker of HPP and an 
indicator of the AA treatment effect (Akiyama 
et  al. 2018). The PLP-to-pyridoxal ratio (PLP/
PL) is considered to reflect the activity of ALP 
(converting PLP to PL) and has been shown to be 
useful to evaluate the early treatment effect of 
AA ERT before the skeletal improvement occurs 
(Akiyama et al. 2018).

While calcium abnormalities are rare in adults 
with HPP, hypercalcemia is common in infants 
and children and often identified at the time of 
diagnosis. Some infants have continued to present 
hypercalcemia and hyperphosphatemia after AA 
ERT, requiring continued use of low-calcium and/
or low phosphorus formula (Kitaoka et al. 2017). 
Hypocalcemic seizures were described in a neo-
nate with perinatal HPP and serum calcium levels 
of 4.7 mg/dL, following 3 weeks of ERT initiated 
on the first day of life (Kitaoka et al. 2017). The 
seizures and hypocalcemia were resolved by 
increasing calcium supplementation. 
Hypocalcemia after AA treatment suggests “hun-
gry bone” syndrome, or rapid formation and min-
eralization of previously deficient and 
hypomineralized bone that requires a significant 
influx of calcium. Dietary calcium restriction in 
children with HPP should be liberalized after AA 
ERT is initiated and hypercalcemia is no longer 
present, or when serum PTH levels increase, to 
prevent hypocalcemia and “hungry bones” (Whyte 
et  al. 2012). Serum PTH increased during treat-
ment, coinciding with the skeletal remineralization 
as evidenced by the radiographic improvements.

Falsely low serum testosterone level obtained 
by competitive radioimmunoassay has been 
reported in a patient taking asfotase alfa ERT, 
thought to be due to assay interference by exog-
enous TNSALP (Sofronescu et al. 2018).

13.7.4.2  Respiratory Function
In perinatal or infantile HPP, respiratory failure 
is often the cause of mortality. The etiology of 

respiratory insufficiency in HPP is multi-facto-
rial and complex, and usually stems from tho-
racic deformity and fractures, as a result of the 
skeletal manifestations. Respiratory failure can 
also be due to pulmonary hypoplasia, muscle 
weakness, tracheomalacia, central nervous sys-
tem dysfunction associated with craniosynosto-
sis, episodic seizures, and increased 
susceptibility to infection due to low TNSALP 
levels in leukocytes (Whyte 2012). However, 
once skeletal mineralization improves, with sta-
bilization of the chest wall and/or improved 
muscle strength, patients have improved respira-
tory function and can discontinue mechanical 
ventilation (Whyte et  al. 2016b). Crying vital 
capacity has been utilized to evaluate respiratory 
status and is reported to be a good indicator for 
weaning mechanical ventilation (Shimada et al. 
1979). Crying vital capacity of 15  ml/kg was 
used as a criterion for extubation and greater 
than 20 ml/kg as a criterion for discharge from 
the hospital in a patient with perinatal HPP who 
was discharged home at 6 months of life (Oyachi 
et  al. 2018). Some children with perinatal or 
infantile HPP may not be fully weaned off the 
mechanical ventilation and may require trache-
ostomy with oxygen (Okazaki et  al. 2016), or 
ventilation via tracheostomy only during sleep 
(8 h a day) (Hacihamdioglu et al. 2018).

13.7.4.3  Bone Health, Physical 
Function, and Mobility

As AA ERT is designed to bind to HAP in miner-
alized bone and tooth tissues, the effects on skel-
etal mineralization are dramatic and precede 
improved respiratory and motor function. At 
6 months of AA treatment, improvements in skel-
etal health include diffusely increased bone min-
eralization, corrected or improved endochondral 
and membranous bone formation, reduced defor-
mity, healing of fractures, and extensive model-
ing and remodeling of bone, with resolution of 
sclerosis (Whyte et  al. 2012). While skeletal 
radiographs showing remarkable improvement 
after AA ERT have been consistently reported in 
clinical trials and case reports, reports on bone 
mineral density using dual-energy X-ray absorp-
tiometry (DXA) after AA ERT have been limited. 
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In a 15 year-old boy with severe childhood HPP, 
the lumbar spine bone mineral density Z score 
was markedly low at −5.9 (height-adjusted Z 
score of −2.7). After 12 months of AA therapy, 
the absolute values of his lumbar spine BMD and 
total body bone mineral content and increased by 
19% and 23%, respectively, but his height- 
adjusted Z scores for lumbar BMD decreased 
from baseline of −2.7 to −3.1 (Bowden and Adler 
2018a). In an adult with late diagnosis of severe 
childhood HPP who suffered from multiple frac-
tures and impaired mobility, treatment with AA 
for 12 months increased lumbar spine bone min-
eral density by 10% and improved mobility 
(Freitas et  al. 2018). This patient also had 
improvement in bone microarchitecture parame-
ters assessed by high-resolution peripheral quan-
titative computed tomography (HR-pQCT) (the 
first reported use of such imaging for bone assess-
ment after AA ERT) in the distal tibia, with stabi-
lization of bone parameters at the distal radius. 
Increased proteinaceous components of hypo-
mineralized bones may affect bone density read-
ings by DXA (Kishnani et  al. 2017b). Further 
research is warranted to evaluate and characterize 
overall bone health and the therapeutic outcome 
of AA on bone density and bone microarchitec-
ture by different bone imaging tools such as DXA 
or HR-pQCT.

Along with skeletal improvement, profound 
delays in growth and gross motor function in 
pediatric patients with severe HPP improved sub-
stantially from AA ERT, across all studies 
described above. Adolescents and adults patients 
with years of ambulatory disability, or even com-
plete immobility, began to walk independently 
after 6–12 months of AA therapy (Bowden and 
Adler 2018a; Freitas et al. 2018; Klidaras et al. 
2018; Remde et al. 2017), with one adult patient 
improving walking distance up to 4  miles 
(Klidaras et  al. 2018). It is important to inform 
patients that continuation of AA therapy without 
interruption is critical to maintain optimal ALP 
and mineralization activity, and to prevent recur-
rence of clinical deterioration. Reappearance of 
hypomineralization of metaphyses, similar to the 
pre-treatment appearance, has been reported in 
an adolescent with severe childhood HPP who 

stopped AA therapy for 1  year due to non- 
adherence (Bowden and Adler 2018b).

Improvement in physical function, mobility 
and musculoskeletal function after AA therapy 
has been documented in clinical trials 
(Table 13.3) using objective, validated, and age-
appropriate assessment tools: the Alberta Infant 
Motor Scale and Gross Motor Function 
Measure, the Bayley Scales of Infant and 
Toddler Development, and the Peabody 
Developmental Motor Scales in young children; 
Bruininks-Oseretsky Test of Motor Proficiency, 
Second Edition [BOT-2] (for age 4–21  years); 
and the 6-min walk test (6MWT) (for ambula-
tory children aged ≥5  years and adults). Pain 
(see pain section below) and disability assess-
ment obtained by the parent-reported Child 
Health Assessment Questionnaire (CHAQ) and 
Pediatric Outcomes Data Collection Instrument 
(PODCI) also showed substantial improvement 
from AA ERT (Whyte et al. 2016a). The 6MWT 
can be administered in the clinical setting and 
may be recorded on video to allow comparison 
of gait and mobility over time during AA ther-
apy. Modified Performance-Oriented Mobility 
Assessment-Gait (mPOMA-G) (observational 
gait analysis from video footage during 6MWT) 
has been validated specifically in children with 
HPP and is strongly correlated with CHAQ, 
PODCI, and 6MWT scores (Phillips et  al. 
2018).

13.7.4.4  Nephrocalcinosis 
and Nephrolithiasis

Nephrocalcinosis is sometimes identified at the 
time of diagnosis in infants and children with 
HPP, and is thought to be secondary to hypercal-
cemia with hypercalciuria. During clinical trials 
to date, ERT seemed to cause no progression of 
nephrocalcinosis in children with infantile HPP 
(Kitaoka et  al. 2017; Whyte et  al. 2012), with 
some improvement even noted in some patients 
(Whyte et al. 2012). Monitoring of nephrocalci-
nosis by renal ultrasound is recommended at 
baseline and every 3 months in cases of perinatal 
and infantile HPP, and at baseline, 6 months, and 
then annually in childhood and adult HPP 
(Kishnani et al. 2017b).
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In addition to nephrocalcinosis, nephrolithia-
sis with parietal calcifications can occur in adults 
with HPP (Freitas et al. 2018), likely from long- 
standing HPP disease with hypercalciuria, and/or 
long-term therapy with calcium and vitamin D 
for an ‘osteoporosis’ diagnosis. Nephrocalcinosis 
and nephrolithiasis can result in impaired renal 
function or chronic kidney failure in adults. AA 
ERT was safe and efficacious in an adult dialysis 
patient with HPP and stage 4 chronic kidney dis-
ease (Remde et al. 2017). AA was given immedi-
ately after hemodialysis three times a week at the 
recommended dose without the need for dose 
adjustment.

13.7.4.5  Craniosynostosis
Premature fusion of cranial sutures occurs in 
perinatal, infantile, and childhood forms of 
HPP.  Clinical evidence of the abnormal skull 
shape (scaphocephaly or oxycephaly) secondary 
to the loss of one or several sutures, and/or the 
absence of head circumference growth, are clues 
to the diagnosis of craniosynostosis. 
Craniosynostosis is sometimes detected before 
HPP is diagnosed, and should alert clinicians to 
evaluate serum ALP. The underlying mechanism 
for craniosynostosis remains poorly understood. 
Clinical sequelae of craniosynostosis include 
papilledema, optic nerve atrophy, increased intra-
cranial pressure with a copper-beaten skull on a 
skull x-ray (Poryo et  al. 2016), and secondary 
ectopia of the cerebellar tonsils that can lead to 
hydrosyringomyelia (Collmann et  al. 2009). To 
date, AA ERT has not prevented craniosynosto-
sis, and the condition progressed during the treat-
ment, requiring neurosurgical intervention 
(Whyte et al. 2012). The timing of ERT initiation 
may be critical for prevention of craniosynosto-
sis, as a neonate with perinatal HPP receiving AA 
treatment from day 1 did not develop suture 
fusion (Okazaki et al. 2016), and similarly, early 
postnatal treatment in the mouse model of infan-
tile HPP was also shown to prevent craniosynos-
tosis (Liu et al. 2015).

13.7.4.6  Neurological Manifestations
In severe perinatal HPP, seizures occur as a result 
of defective PLP metabolism, and are an indica-

tor of HPP severity and lethal prognosis, associ-
ated with 100% mortality rate (Whyte et  al. 
2016b). PLP is the active form of vitamin B6 that 
is unable to cross the cell’s plasma membrane or 
the blood brain barrier. TNSALP dephosphory-
lates PLP into the pyridoxal form of vitamin B6, 
able to cross the cell membrane and blood brain 
barrier and that is subsequently phosphorylated 
back into PLP, serving as a key co-factor for 
many enzymes. PLP in the brain is required for 
biosynthesis of many neurotransmitters in the 
brain (e.g. dopamine, norepinephrine, gamma- 
aminobutyric acid [GABA]). Reduced TNSALP 
enzymatic capability in HPP therefore results in 
elevated serum PLP and reduction of PLP in the 
brain, making severely affected neonates and 
infants with HPP prone to seizures. Provision of 
high doses of pyridoxine hydrochloride (vitamin 
B6) can temporarily correct this deficiency and 
prevent seizures. AA ERT resulted in markedly 
improved survival rate of 77% in infants experi-
encing seizures (Whyte et  al. 2016b) and pre-
vented further seizures so that pyridoxine 
hydrochloride was discontinued (Oyachi et  al. 
2018). Pyridoxine-responsive seizures have been 
reported as the first symptom of infantile HPP in 
a neonate without bony abnormalities 
(Baumgartner-Sigl et al. 2007), further illustrat-
ing clinical heterogeneity in HPP. HPP was not 
diagnosed in this patient until age 7 months when 
clinical HPP became apparent with skeletal man-
ifestations. Unfortunately, this child developed 
rib fractures and died from respiratory failure at 
age 9  months. Assessment of any neonate with 
pyridoxine-responsive seizures should include 
measurement of serum ALP to facilitate early 
detection of HPP, which can be life-saving due to 
the availability of ERT.

While seizures are not observed in older chil-
dren or adults with HPP, other neurological symp-
toms such as fatigue, headaches, sleep disturbances, 
vertigo, depression, anxiety, neuropathy, and hear-
ing loss occurred commonly (33–66%) in individ-
uals with HPP, at a greater prevalence than the US 
general population (Colazo et  al. 2018). Use of 
psychiatric medications for mental illness was 
observed in 65% of patients and preceded the 
diagnosis of HPP. Interestingly, patients with ves-
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tibulocochlear symptoms (hearing loss, tinnitus, 
and vertigo) had lower ALP levels than those with-
out. The mental health issues and neurological 
symptoms described above should be included in 
the assessment and evaluation of HPP in clinical 
practice. Resolution of any of these symptoms 
after AA treatment should be documented to pro-
vide insights into this under-reported and under-
studied aspect of HPP, and future prospective 
studies should be conducted to evaluate the effects 
of AA treatment on these neurological symptoms.

13.7.4.7  Chronic Pain
Musculoskeletal pain is a significant feature of 
HPP, experienced by many affected individuals 
across their lifespan. Infants and young children 
with HPP may not be able to communicate pain 
sensation, therefore, signs of irritability through 
vocalization, facial expression, or color changes, 
along with validated and age-appropriate pain 
scales such as the Neonatal Pain, Agitation and 
Sedation Scale (N-PASS), or the Face, Leg, 
Activity, Cry, Consolability Scale (FLACC) 
should be used to document pain and response to 
ERT (Phillips et  al. 2016). In older children or 
adults, Wong-Baker FACES pain rating scale can 
be used. Pain is thought to be due to chronic 
inflammation with elevated prostaglandin levels 
(Girschick et al. 2006) caused by calcium pyro-
phosphate dihydrate (CPPD) crystal depositions 
(Beck et al. 2009). This can result in incapacitat-
ing bone and joint pain. Resolution of chronic 
musculoskeletal pain following AA therapy has 
been reported in all clinical trials and case reports. 
One adolescent male with severe childhood HPP 
discontinued daily analgesic use within 3 months 
of AA ERT (Bowden and Adler 2018a).

13.7.4.8  Scoliosis
Scoliosis has been described in four children with 
HPP in the literature (Arun et  al. 2005; Bowden 
and Adler 2018a; Whyte et al. 2003). A child with 
infantile HPP had a normal spinal radiograph at 
age 2.5  months, but developed scoliosis by age 
7 months (Whyte et al. 2003). Another two patients 
also exhibited early onset of severe scoliosis (Arun 
et  al. 2005). The first child with severe infantile 
HPP was noted to have scoliosis of 62° at age 

3 years, which progressed to 94° by age 7 years. 
The second child had odonto- HPP with no skeletal 
demineralization or deformity except for early 
onset of scoliosis of 74° at age 3.5 years, which 
progressed to 90° by age 10  years (Arun et  al. 
2005). These two patients subsequently had correc-
tive spinal surgeries with good outcomes. The 
fourth reported individual with severe childhood 
HPP developed scoliosis during childhood and 
began AA ERT therapy at age 15 years when sco-
liosis was noted to be 60°. The patient had improved 
growth during first 9  months of AA therapy. 
However, after 12 months of AA treatment, scolio-
sis progressed to 110°, with a decrease in height, 
necessitating spinal fusion surgery (Bowden and 
Adler 2018a). It is important to screen for and 
monitor scoliosis during AA therapy in HPP 
patients, as untreated progressive scoliosis associ-
ated with metabolic bone disease can lead to pul-
monary compromise and death (Collins 2006).

13.7.4.9  Dental Defects
To date, effects of AA ERT on dental manifesta-
tions of HPP have been limited to reports on three 
young children with lethal perinatal HPP.  One 
child who started AA ERT at age 7.5  months 
showed better mineralization of teeth on lateral 
radiographs of the skull after 1 year of AA ERT; 
the other starting AA at 36  months showed 
improved stability of loose teeth (Whyte et  al. 
2012). Another child in Japan who started AA on 
the first day of life exhibited no tooth loss at age 
3 years 5 months, but featured dentin and enamel 
defects and delayed formation of permanent teeth 
(Okawa et al. 2017b). These three patients repre-
sent the extent of dental findings reported for 
severe lethal HPP, while the potential for AA 
ERT to make improvements in dentoalveolar tis-
sues in other forms of HPP remains unknown. 
Clinical trials to date have not incorporated den-
tal examinations into data collection plans, to 
provide information on how the timing of inter-
vention affects development and retention of pri-
mary and secondary teeth, and to determine 
whether AA is equally effective at improving 
cementum, dentin, enamel, and alveolar bone or 
periodontal manifestations of HPP. The opportu-
nity to collect quantitative and qualitative dental 
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findings in treated HPP subjects remains feasible, 
is a high priority for clinicians and researchers 
concerned with dental effects of HPP, and could 
prove important in justifying early administration 
of AA to prevent lifelong oral health problems 
and improve quality of life for individuals with 
severe dental manifestations of HPP. A registry 
has been initiated to collect qualitative and quan-
titative data on dental effects of HPP, allowing 
pre- and post-ERT comparisons to begin to deter-
mine efficacy of AA on ameliorating dental 
defects (http://u.osu.edu/hppstudy/).

13.7.5  Adverse Effects and Outcomes

Clinical trial results to date show very good safety 
profiles for AA ERT (Kitaoka et al. 2017; Whyte 
et  al. 2012, 2016a). The most common adverse 
effects in patients treated with AA are injection-
site reactions, occurring in about 75% of individu-
als treated (Kishnani et al. 2017b). Injection site 
reactions may include mild, localized, transient 
erythema, pain, induration, and lipohypertrophy 
or lipohypotrophy at injection sites. Localized 
lipohypertrophy persisted for more than 3 years in 
6 out of 12 patients in the childhood HPP trial 
(Whyte et al. 2016a). In a patient undergoing AA 
ERT and not yet described in the literature, lipo-
hypertrophy remained the same size with no 
regression even after discontinuing using the site 
for more than a year (personal observation) 
(Fig. 13.7). A rarer but more severe adverse effect 
reported has included anaphylactoid reaction 
(Kishnani et  al. 2016). All patients enrolled in 
clinical trials developed anti- AA antibodies, but 
no tachyphylaxis has been reported to date 
(Kishnani et al. 2017b; Whyte et al. 2012).

Benefits of AA therapy are clearly evident in 
infants, children, and adults with HPP in clinical 
trials and case reports described above. Infants 
with life-threatening HPP survived; those who 
died were from sepsis, not attributed to AA ther-
apy (Vidmar et al. 2017; Whyte et al. 2012), or 
from neurologic complications of craniosynosto-
sis that occurred early in the treatment, possibly 
reflecting natural history and complications 
(Whyte et al. 2016b). Excellent clinical outcomes 

in all areas including physical function and qual-
ity of life continue after 5 years or more follow-
 up in those children and adults (Kishnani et  al. 
2017a). There has been one case of a term infant 
with perinatal HPP with unsuccessful treatment 
outcome due to irreversible pulmonary hypopla-
sia, despite improvement in rib mineralization 
after AA dose increased to 9 mg/kg/day (Costain 
et al. 2018). The poor outcome in this case may 
not be directly related to treatment failure, but 
possibly due to underlying genetic factor associ-
ated with failure of postnatal alveolar 
development.

13.7.6  Dosage and Administration 
of AA

AA is indicated for patients with pediatric-onset 
HPP. The recommended dosage of AA in perina-
tal- or infantile-onset HPP is 2 mg/kg three times 
weekly or 1  mg/kg six times weekly. The dose 
can be increased for lack of efficacy (e.g., no 
improvement in respiratory status, growth, or 
radiographic findings) up to 3 mg/kg three times 
weekly (maximum: 9 mg/kg per week). The dos-

Fig. 13.7 Lipohypertrophy resulting from asfotase alfa 
injection. In an adolescent undergoing AA ERT, lipohy-
pertrophy at an abdominal injection site remained the 
same size with no regression, even after discontinuing 
using the site for more than a year
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age for childhood-onset HPP is also 2  mg/kg 
three times weekly or 1 mg/kg six times weekly. 
AA is administered subcutaneously only in the 
abdominal area, thigh, or deltoid. Rotation of the 
injection sites should be emphasized to reduce 
the risk of lipodystrophy (as described above and 
in Fig. 13.7). Patients or caregivers of pediatric 
patients should be instructed to administer AA 
within 1 h upon removal from refrigerator and to 
not administer injections in areas that are red-
dened, inflamed, or swollen. The 80 mg/0.8 mL 
concentration vial should not be used in pediatric 
patients. AA solution is clear, slightly opalescent 
or opalescent, colorless to slightly yellow; few 
small translucent or white particles may be pres-
ent. Vial(s) not consistent with this appearance 
should be discarded. The maximum injection 
should not exceed 1  ml, using a 1  mL syringe 
with 1/2 inch needle (25–29 gauge). If more than 
1 mL is required, the total volume should be split 
equally between two syringes, and two injections 
are administered at the same time using separate 
injection sites.

13.8  Future Directions for HPP 
Therapy

The preclinical studies described above in Sect. 5 
employed repeated daily injections to achieve 
steady state concentrations of ALP activity with a 
recombinant protein that had a short half-life of 
34 h in plasma. Novel therapeutic approaches are 
necessary to reduce adverse effects, improve effi-
cacy, or serve as a secondary approach for those 
who do not respond, have adverse outcomes, or 
develop immune reactions to AA.  Several of 
these concepts have been tested at the preclinical 
stage and these studies are summarized below.

13.8.1  Gene Therapy Approaches

Several gene therapy approaches employing sin-
gle injections of TNSALP-D10 expressing viral 
vectors have been reported to show positive 
effects in correcting the HPP phenotype in Alpl−/− 
mice. In the first study, a lentiviral (LV) vector 

expressing TNSALP-D10 was injected IV into 
newborn pups at 1–3 dpn (Yamamoto et al. 2011). 
A high copy number of integrated vector was 
detected in liver (with lower copy numbers in 
other organs) and by 10 dpn, ALP was measured 
at 25-fold higher than untreated Alpl−/− mice and 
tenfold higher than WT control mice. While ALP 
in WT mice declined with age, treated Alpl−/− 
mice posted more than 70-fold increased ALP 
over WT by 60 dpn, indicating stable and even 
increasing enzyme production. LV expressed 
TNSALP-D10 normalized body size and elimi-
nated seizures in Alpl−/− mice, extending lifes-
pans of six of seven mice until 160  dpn, the 
termination of the study. Radiological and histo-
logical evaluation of long bones of treated Alpl−/− 
mice indicated dramatic improvements.

A second approach for viral vector mediated 
TNSALP-D10 gene therapy used adeno- associated 
virus (AAV) injected IV into newborn pups. This 
recombinant AAV expressed TNSALP-D10 under 
the tissue-nonspecific CAG promoter, a hybrid of 
the actin promoter and CMV-IE enhancer 
(Matsumoto et  al. 2011). Recombinant AAV- 
mediated delivery also promoted phenotypic cor-
rection of Alpl−/− mice as indicated by radically 
increased ALP, lack of seizures, extended lifes-
pan, and improved bone mineralization. As peri-
natal and infantile forms of HPP are the most 
severe and the most critical cases can sometimes 
be detected in utero, AAV-expressed TNSALP-D10 
administration was also tested in utero by trans-
uterine IP injection in a pregnant dame carrying 
Alpl−/− mouse fetuses on embryonic day 15 
(E15), about 3–4 days before birth (Sugano et al. 
2012). In total, seven of nine treated Alpl−/− mice 
treated in utero showed normalized weight and 
growth rate and absence of seizures during the 
study period of 2  months. Fetal gene therapy 
effectively transduced tissues including bone, 
muscle, heart, and liver, stably increasing ALP 
levels to tenfold greater than WT control mice. 
Elevated ALP activity was visualized at bone sur-
faces and in chondrocytes in treated mice, and 
skeletal phenotype was largely corrected.

An additional study examined the potential to 
employ a muscle-directed AAV-based therapy by 
using a novel AAV8 construct that expressed 
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TNSALP-D10 under the muscle creatine kinase 
(MCK) promoter (Nakamura-Takahashi et  al. 
2016). Muscle provides a large, easily accessible, 
and vascular target for AAV transduction. As 
with the previous gene therapy experiments, mice 
were injected at early postnatal age, though here 
injections were made intra-muscular (IM) bilat-
erally into the quadriceps femoris muscles. Using 
a control vector that expressed enhanced green 
fluorescent protein (EGFP), investigators demon-
strated that this approach promoted high expres-
sion in muscle and heart, but not in other organs. 
Muscle-driven production of TNSALP-D10 
proved capable of increasing ALP levels in 
Alpl−/− mice by more than tenfold WT levels and 
extending the lifespans of nine out of ten treated 
mice to 90 dpn. As with previous gene therapy 
approaches, muscle expression of TNSALP-D10 
was accompanied by normalization of mobility, 
increased body size, and improved mineraliza-
tion. However, abnormal chondrocyte arrange-
ment in treated mice was associated with altered 
cortical and trabecular bone parameters, hypo-
mineralization, and reduced length of long bones, 
indicating incomplete rescue of the HPP pheno-
type in Alpl−/− mice. Of the dentoalveolar tissues 
of treated Alpl−/− mice, only the jawbones showed 
clear signs of improvement, whereas teeth exhib-
ited thin and hypomineralized root dentin, and 
detachment at the root surface indicative of 
defective cementum (Ikeue et al. 2018).

While concerns about the safety of gene ther-
apy remain, the frequency of administration 
(three or six times weekly, as described in more 
detail above), injection site reactions in many 
subjects, production of costly recombinant 
enzyme, and potentially lifetime requirement for 
AA, all support investigation into gene or cell 
therapies in human subjects. Concerns regarding 
gene therapy in human subjects include potential 
for germline gene transfer or immune response to 
viral vector or gene product. As an alternative 
gene therapy approach to address some of these 
issues, Shimada and colleagues attempted ex vivo 
LV expressed TNSALP-D10 transduction of bone 
marrow cells (BMC) (Iijima et  al. 2015). BMC 
harvested from 8 to 12 week-old WT mice were 
transduced with TNSALP-D10 LV or EGFP 

expressing control LV.  Neonatal Alpl−/− mouse 
pups were irradiated on day 2 after birth to ablate 
the recipient BMC component, and donor BMC 
were injected IV.  Engraftment of donor BMC 
was measured at approximately 30% over the 
90-day study. Untransduced and EGFP express-
ing control BMC were unable to extend the lifes-
pans or provide phenotypic correction in 
Alpl−/− mice. In contrast, TNSALP-D10 trans-
duced BMC prolonged survival, significantly 
improved but did not totally normalize growth 
curves, and boosted ALP activity tenfold higher 
than WT mice and 400-fold higher than untreated 
or mock treated Alpl−/− mice. By histology, ALP 
activity was found at bone surfaces of 
TNSALP-D10 treated Alpl−/− mice, supporting the 
concept that enzyme produced by engrafted 
BMC made its way to mineralizing sites as pre-
dicted. Numerous cortical and trabecular bone 
parameters were improved in treated mice, how-
ever growth plates and bone length were not 
completely rescued, as seen in previous gene 
therapy approaches described above. While den-
tal tissues were examined in mice receiving 
transduced BMC, there was little evidence for 
improvement in dentin, cementum, or periodon-
tal attachment and function (Okawa et al. 2017a). 
This is not surprising because even though inter-
vention was early, dental precursors arise from 
cranial neural crest derived ectomesenchyme, 
which is an embryological tissue distinct from 
BMC precursors. Lack of improvement in dento-
alveolar tissues reflected insufficient enzyme 
reaching these tissues during critical periods of 
their development and mineralization.

13.8.2  Soluble TNSALP Enzyme 
Replacement Therapy

All of the AAV and LV expressed enzyme 
replacement therapies summarized so far in this 
section focused on use of the mineral-targeted 
TNSALP-D10 construct. An alternative approach 
to the concept of targeted treatment is to attempt 
to achieve sustained high levels of soluble (non- 
targeted) TNSALP.  As summarized above, a 
recombinant anchorless TNSALP extended the 
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lifespan of Alpl−/− mice, but was unable to correct 
skeletal and dental mineralization defects 
(Oikawa et al. 2014). AAV-mediated expression 
of soluble TNSALP showed far superior efficacy 
to injection of recombinant enzyme, with not 
only increased ALP levels and lifespan, but sig-
nificant correction of bone mineralization by 
radiography (Matsumoto et al. 2011). Based on 
these successes with soluble forms of TNSALP, 
an additional strategy was attempted that 
employed a soluble intestinal-like chimeric alka-
line phosphatase (ChimAP). ChimAP was engi-
neered by substituting the crown domain of 
human intestinal phosphatase (IAP) with that of 
the placental isozyme (PLAP), making a chime-
ric form with IAP-like protein conformation, 
increased stability, Zn2+ binding in the enzyme 
active site, and narrowed substrate specificity 
(Kiffer-Moreira et  al. 2014). Pharmacokinetic 
studies using bolus administration of 1, 8, or 
16 mg/kg ChimAP indicated peak activity at 4 h 
and a half-life of 6  h, where residual ALP 
remained higher than untreated mice at 24 h after 
injection (Gasque et al. 2015). In a dose-response 
experimental design parallel to testing of 
TNSALP-D10 (Millan et al. 2008), ChimAP was 
administered 1, 8, or 16 mg/kg/day by daily SC 
injection. Median survival was increased to 
44 dpn by 8 mg/kg/day, more than doubling lifes-
pans of untreated or 1 mg/kg/day treated Alpl−/− 
mice, while mice treated with the highest dose 
survived to the termination of the experiment at 
53 days. The highest ChimAP dose of 16 mg/kg/
day normalized body weight and PPi levels and 
significantly improved growth plate appearance, 
cortical bone parameters, and craniofacial shape. 
However, ChimAP was unable to completely 
normalize trabecular bone and all treated Alpl−/− 
mice featured increased osteoid accumulation 
compared to WT. While the high dose of ChimAP 
did seem to improve enamel and dentin in Alpl−/− 
mice, measurable dentin defects remained, sub-
stantial osteoid was observed on alveolar bone, 
and lack of cementum and periodontal break-
down was evident by histology, indicating a less 
robust response of dentoalveolar tissues. As of 
this writing, ChimAP (also known as recAP) has 
completed Phase I clinical trials and is being 

tested in Phase II trials (ClinicalTrials.gov identi-
fier NCT02182440) in the U.S. and Europe spon-
sored by AM-Pharma (Bunnik, the Netherlands) 
for acute kidney injury (AKI), whereas ulcerative 
colitis (UC) and HPP studies remain in the pre-
clinical stage. An oral formulation is in develop-
ment for UC treatment. The rationale for 
application in AKI and UC lies in the potential 
for ALP to dephosphorylate lipopolysaccharide 
(LPS) that contributes to sepsis-associated AKI, 
and convert adenosine triphosphate (ATP) pro-
viding cell-protective and anti-inflammatory 
effects (Peters et  al. 2013, 2014a, b, 2016a, b; 
Pickkers et al. 2012).

13.9  Application of Asfotase Alfa 
for Other Conditions

To date, AA has been studied almost entirely 
within the context of treating HPP.  However, 
other metabolic conditions also feature altered or 
reduced ALP levels. Neurofibromatosis type 1 
(NF1; OMIM# 162200) is caused by mutations 
in NF1, a cytoplasmic protein involved in a num-
ber of cell signaling cascades. NF1 clinical fea-
tures include skin, ophthalmologic, and skeletal 
manifestations, with the latter reportedly includ-
ing bone abnormalities, altered ALP and vitamin 
D levels, and osteopenia or osteoporosis in some 
affected individuals (Armstrong et  al. 2013; 
Duman et al. 2008; Elefteriou et al. 2009; Lodish 
et al. 2012; Poyrazoglu et al. 2017; Rodari et al. 
2018; Schnabel et al. 2013). A conditional knock-
out mouse model of NF1 featuring increased PPi 
and reduced serum ALP exhibited skeletal hypo-
mineralization (de la Croix Ndong et  al. 2014; 
Wang et al. 2011). Treatment with TNSALP-D10 
successfully increased bone growth and mineral 
density in these mice, providing preclinical data 
that use of ERT may improve skeletal effects of 
NF1 in affected individuals (de la Croix Ndong 
et al. 2014).

As TNSALP is perhaps the most critical 
enzyme for skeletal and dental mineralization, 
there is potential for AA to be applied to other 
hereditary mineral metabolism disorders, or even 
possibly used to promote more rapid fracture 
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healing in healthy individuals, however no pre-
clinical studies have yet been performed to sup-
port this.

13.10  Summary and Conclusions

AA ERT has been transformative as the first 
treatment for HPP, the last form of rickets to 
receive a medical therapy (Whyte 2017). Based 
on the clinical trials conducted to date, AA is 
approved for use in individuals of any age with 
pediatric-onset HPP.  Clinical trials and case 
reports evaluated to date have targeted individu-
als with a high disease burden caused by perina-
tal, infantile, childhood, or adult HPP, specifically 
those with significant skeletal manifestations of 
HPP.  Improved skeletal mineralization in 
response to AA ERT in turn leads to improved 
respiratory status and increased survival in 
severely affected infants, revolutionizing the out-
come of a once fatal form of the disease. 
Improvement of skeletal manifestations by AA 
ERT also alleviates additional complications 
stemming from bone abnormalities, improving 
growth, mobility, physical function, and quality 
of life. Currently, evidence-based therapeutic 
recommendations for children and adults with 
less symptomatic HPP are lacking and unclear. A 
long-term follow-up care with at least annual 
assessment for progression of disease is needed 
to monitor for late manifestations of HPP (Mori 
et al. 2016). Judicious use of this high-cost ERT 
is imperative; risk-benefit ratio, feasibility and 
safety of treatment need to be considered. In 
childhood HPP, five key manifestations including 
mobility, pain, rickets, growth, and fracture, have 
been proposed as guidance for decision to treat 
(Rush 2018). Conservative management should 
be the first line of management: physical therapy 
for patients with hypotonia, mobility limitations, 
or gait abnormalities; analgesics (acetaminophen 
or nonsteroidal anti-inflammatory drugs) for 
those with musculoskeletal pain. If symptoms 
improve with the conservative treatment, then 
ERT is not indicated. AA treatment should be 
considered in patients with childhood HPP who 
have limited mobility that impair quality of life 

or debilitating pain unresponsive to conservative 
treatment. In those patients with symptomatic 
and disabling HPP, with or without fractures, for 
whom AA is considered, clinicians should estab-
lish treatment goals in order to monitor the 
patient’s response and determine what clinical 
outcomes are to be achieved (Kishnani et  al. 
2017b). Given the wide clinical variability in dis-
ease manifestations of adult HPP, recently 
Shapiro and Lewiecki (2017) have suggested that 
AA treatment should be considered in adult HPP 
if one or more of the following is present and 
attributable to HPP: musculoskeletal pain requir-
ing prescription pain medications, disabling 
polyarthropathy, disabling functional impairment 
assessed by validated measures, low-trauma frac-
ture, delayed or incomplete fracture healing, 
repeated orthopedic surgeries for HPP bone dis-
ease, low bone mineral density T-score ≤−2.5 in 
postmenopausal women and men age 50  years 
and older, or Z-score ≤−2.0  in younger adult 
women and men in patients with fractures, and 
nephrocalcinosis.

Ultimately, it remains to be seen how AA will 
be employed in the long-term management of 
severely and mildly affected HPP patients, 
whether dose titration is efficacious for different 
disease severity, or any additional beneficial out-
comes or adverse effects are discovered, and 
whether alternative approaches for delivery or 
achieving ERT are successful and transform HPP 
therapy yet again.
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Abstract
We describe the rational use of enteric coated 
and unprotected replacement pancreatic 
enzymes for treatment of malabsorption due 
to pancreatic insufficiency and for pancre-
atic pain. Enteric coated formulations mix 
poorly with food allowing separation of 
enzymes and nutrients when emptying from 
the stomach. The site of dissolution of the 
enteric coating in the intestine is also unpre-
dictable and enzymes may not be released 
until the distal intestine. Together, these bar-
riers result in the lack of dose-response such 
that the strategy of increasing the dosage fol-
lowing a suboptimal effect is often ineffec-
tive. The ability to maintain the intragastric 
pH ≥4 with the combination of proton pump 

inhibitors and antacids suggests that it 
should be possible to reliably obtain a good 
response with uncoated enzymes. We also 
discuss the recognition, treatment and pre-
vention of nutritional deficiencies associated 
with pancreatic insufficiency and recom-
mend a test and treat strategy to identify and 
resolve nutritional deficits. Finally, we focus 
on mechanisms causing pain that may be 
amenable to therapy with pancreatic 
enzymes. Pain due to malabsorbed digestive 
contents can be prevented by successful 
therapy of malabsorption. Feedback inhibi-
tion of endogenous pancreatic secretion can 
prevent pain associated with pancreatic 
secretion but requires use of non-enteric 
coated formulations.
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14.1  Introduction

Most food is ingested in the form of macromole-
cules that can only be absorbed after being 
reduced to smaller molecules. The pancreas is the 
primary source of enzymes involved in the diges-
tion of carbohydrates, proteins, and fats. In addi-
tion to supplying enzymes, the pancreas produces 
bicarbonate to neutralize the gastric acid and pro-
vide the proper milieu for the enzymes to func-
tion. The absorptive and digestive capacity of the 
intestinal tract is large and has great redundancy 
such that the majority of the small intestine must 
be bypassed for successful bariatric surgery.

Lipid digestion and absorption is the most 
complicated requiring four distinct steps. The 
process begins by synthesis of lipases by pancre-
atic acinar cells which are then secreted through 
the pancreatic ducts into the duodenum in 
response to food entering the duodenum. The 
gastric contents entering the duodenum are acidic 
and the acidity must be neutralized by secretion 
of duodenal and pancreatic bicarbonate in order 
for the enzymes and bile acids to function prop-
erly. Lipase is irreversible inactivated if the pH 
falls to pH 4 or below. When there is insufficient 
duodenal pancreatic enzyme activity, exocrine 
pancreatic insufficiency occurs (Table 14.1). This 
condition can occur due to causes directly related 
to the pancreas such as loss of pancreatic acini, 
blockage of the pancreatic ducts preventing 
secretion of enzymes, or acidic duodenal con-
tents which inactivate pancreatic lipase. Other 

causes are related to failure to stimulate pancre-
atic secretion and inability of the secreted 
enzymes to properly mix with duodenal contents 
(Table 14.1) (Singh et al. 2017).

14.2  Exocrine Pancreatic 
Insufficiency

14.2.1  Diagnosis

The diagnosis of pancreatic insufficiency requir-
ing adjuvant enzyme replacement is typically 
based on clinical suspicion followed by labora-
tory confirmation or by confirmation of improve-
ment of weight and nutritional deficiencies 
following enzyme replacement therapy. Fat mal-
absorption (steatorrhea) clinically presents as 
weight loss with large, foul smelling, pale, pasty 
stools. The stools may appear greasy and an oily 
sheen reflecting undigested triglycerides may be 
visible on the water in the toilet bowl. The pres-
ence of watery diarrhea and floating stools are 
often mentioned by students as important diag-
nostic features, but watery diarrhea is an uncom-
mon presentation and stools float because of 
trapped air rather than the presence of fat in stools.

Pancreatic insufficiency can be confirmed by 
pancreatic function testing directly via the secre-
tin pancreatic function test where duodenal juice 
is collected endoscopically or using a special 
“Dreiling” tube. The pancreatic fluid bicarbonate 
concentration is then measured, with normal 
being >80 mEq/L (Diamond et al. 1940; Dreiling 
and Hollander 1948; Ketwaroo et al. 2013; Pelley 
et al. 2012). This approach is highly sensitive and 
is able to stratify pancreatic dysfunction as mild, 
moderate or severe. However, the test is invasive, 
expensive and labor intensive (Diamond et  al. 
1940). Non-invasive tests are available and the 
gold standard non-invasive test is quantification 
of fat malabsorption by measuring 72-h fecal fat 
excretion. An abnormal result is excretion of 
more than 7% of ingested fat and is best expressed 
as a coefficient of fat absorption (e.g., >7 g while 
receiving a 100 g fat diet). Fecal fat measurement 
is often not offered because it requires collecting 
and handling of stools. This problem continues 
despite improved methodology that obviate the 

Table 14.1 Causes of exocrine pancreatic insufficiency 
(insufficiency (insufficient intraluminal pancreatic 
enzyme activity)

Loss of pancreatic acini
  Pancreatic inflammation, pancreatic resection, 

cystic fibrosis, pancreatic malignancy, cystic 
fibrosis,

Inability of secreted enzymes to enter the duodenum
  Pancreatic ductular obstruction (fibrosis, stricture, 

stones, malignancy)
  Altered anatomy (e.g., Roux-en-y gastric bypass
Acidic duodenal pH
  Zollinger Ellison syndrome, defective pancreatic 

bicarbonate secretion
Insufficient stimulation of enzyme secretion (celiac 
disease)

G. A. Ketwaroo and D. Y. Graham
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need for homogenization of stools, such as mea-
suring fat content using near infrared spectrome-
try (Benini et  al. 1989). Alternate indirect 
methods of assessing pancreatic exocrine func-
tion include measuring fecal concentrations of 
pancreatic enzymes, such as elastase 1 or chymo-
trypsin. Where available, breath tests are pre-
ferred. This approach assesses fat absorption 
directly follow administration of labeled triglyc-
erides such as the carbon 13 triglyceride breath 
test (Afghani et  al. 2014; Dominguez-Munoz 
et  al. 2007). The most widely available test is 
measuring fecal elastase I.

14.2.2  Fecal Elastase 1

Elastase 1 is an enzyme produced by the pancreas. 
It is resistant to digestion and passes largely intact 
through the intestinal tract where its concentration 
is measured in the stool. The most common test 
format is as an enzyme-linked immunosorbent 
assay which uses a monoclonal antibody specific to 
human elastase I (Stein et al. 1996; Struyvenberg 
et al. 2017). The test result is therefore not influ-
enced by the presence of the antigenically distinct 
exogenous porcine pancreatic enzymes so that 
enzyme therapy need not be withheld. The main 
caveat regarding interpretation is that the test is 
only accurate when done using formed stools 
(Struyvenberg et al. 2017). The cut-off value for a 
normal result is >200 μg/g feces. Values between 
100 and 200 μg/g feces are considered indetermi-
nate and values below 100 μg/g feces are highly 
suggestive of pancreatic insufficiency. However, as 
with any test, interpretation depends on the pretest 
probability and, in our experience, fecal elastase I 
testing is often ordered in the evaluation of patients 
with diarrhea where false positive test results are 
common. A recent review and meta-analysis of the 
role of fecal elastase testing in the diagnosis of exo-
crine pancreatic insufficiency concluded that a nor-
mal value was highly indicative of absence of 
pancreatic insufficiency (pooled sensitivity of 0.96 
and specificity of 0.88). The false negative rate was 
1.1% and the false positive rate, 11%. It followed 
that in high pretest probability conditions, only 
about 10% of cases of chronic exocrine insuffi-
ciency would be false negatives (Vanga et al. 2018).

14.2.3  Treatment of Exocrine 
Insufficiency

Pancreatic replacement enzymes have been avail-
able clinically since at least the late 1800s 
(Engesser 1879) and the most common source of 
pancreatic enzymes remains desiccated hog pan-
creas. Bovine pancreas preparations are also 
available but are used much less frequently and 
microbial lipases are just beginning to be used 
(Heubi et al. 2016; Lowe and Whitcomb 2015). It 
is expected that use of microbial derived enzymes 
will likely grow. Commercial products are 
described clinically in terms of lipase content 
(e.g., 20,000 USP lipase units).

Although it seems obvious that replacing the 
missing enzymes should be a successful strategy 
there are many myths (Table 14.2) and numerous 
impediments preventing normalization of diges-
tion and correction of pancreatic exocrine insuf-
ficiency. Long ago, our forefathers discovered 
that simply feeding pancreatic enzymes did not 
reliably produce the desired effect and that gas-
tric acid rapidly inactivated ingested pancreatic 
lipase (Chase 1905). Various methods have been 
attempted to overcome this acid barrier including 
administration of enzymes with antacids with or 
without anti-secretory agents and protecting the 
enzymes with enteric coating. As discussed 
below, none has proved reliably successful. Here, 
we discuss the limitations of replacement therapy 
as well as the weaknesses and misconceptions 
related to current practices. Current guidelines 

Table 14.2 Myths related to treatment of exocrine pan-
creatic insufficiency

60,000 units of lipase should be administered with 
each meal
Increasing the dose (i.e., number of capsules or lipase 
units) reliably increases the effect
Increasing the enzyme dosage is a safe and effective 
strategy
Non-enteric coated preparations are almost always 
ineffective and should not be used
Proton pump co-therapy (e.g., 20 mg omeprazole) 
reliably improves treatment outcome
Enteric coated preparations are useful for treatment of 
pancreatic pain
The most reliably way to confirm therapy is effective 
is by symptom response

14 Rational Use of Pancreatic Enzymes for Pancreatic Insufficiency and Pancreatic Pain
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often seem to represent urban myths rather than 
recommendations based on scientifically sound 
principles. The treatment outcome is assessed 
based on the ability to normalize absorption of 
fats, which requires coordination of lipid hydro-
lysis, solubilization of the digestive products by 
bile, and absorption by the small intestine.

14.3  Pancreatic Enzymes

14.3.1  Dosing of Pancreatic Enzymes

The FDA approved package insert for a typical 
commercial product (e.g., Creon®) states that “the 
initial starting dose [of pancreatic enzymes] and 
increases in the dose per meal should be individu-
alized based on clinical symptoms, the degree of 
steatorrhea present, and the fat content of the diet” 
(https://www.accessdata.fda.gov/drugsatfda_
docs/label/2009/020725s000lbl.pdf). They refer 
to a clinical trial where patients received 72,000 
lipase units per meal while consuming at least 
100 g of fat per day and cite the Cystic Fibrosis 
Foundation Consensus Conferences Guidelines 
of 500 lipase units/kg of body weight per meal as 
the lowest starting dose (Stallings et  al. 2008). 
They further note that “there is great inter-individ-
ual variation in response to enzymes; thus, a range 
of doses is recommended” and that “if doses 
exceed 2,500 lipase units/kg of body weight per 
meal, further investigation is warranted”. Doses 
greater than 2500 lipase units/kg of body weight 
per meal (or greater than 10,000 lipase units/kg of 
body weight per day) should be used with cau-
tion” and that “patients currently receiving higher 
doses than 6000 lipase units/kg of body weight 
per meal should be examined and the dosage 
either immediately decreased or titrated down-
ward to a lower range”.

In contrast, Forsmark in Sleisenger and 
Fordtran’s Gastrointestinal and Liver disease 
textbook suggests that 90,000 USP units of lipase 
are needed with each meal (Forsmark 2016). 
Broad recommendations such as therapy being 
individualized based on clinical symptoms, the 
degree of steatorrhea present, and the fat content 
of the diet do not identify which of the variables 

is best or whether all three are equivalent. 
Because clinicians rarely have access to the 
patients’ degree of steatorrhea, the recommenda-
tion forces clinicians to rely on symptoms and fat 
content of the diet. However, no guidance is pro-
vided to advise the patient what characteristics 
they should use to judge the fat content of the diet 
or what adjustments they should make. In actual 
practice, following the advice of the package 
insert or the textbook will not reliably achieve the 
goal of resolving malabsorption or the nutritional 
consequences of pancreatic insufficiency.

Here, we attempt to provide a practical 
approach to assist patients and clinicians. First, 
we address the evidence regarding the quantity of 
lipase required to correct steatorrhea. 
Recommendations are given in terms of amount 
of lipase but this is confusing as lipase is described 
in different units in different countries. In the 
United States, FDA-approved products are 
described in USP lipase units (1  IU  =  3 USP 
units). We will describe results of different studies 
in USP units. Current FDA-approved pancreatic 
enzyme products range from 3000 USP lipase 
units to 36,000 USP units per pill (Table  14.3). 
Outside of the United States a wide variety of 
preparations are available (Ianiro et al. 2016)

Under normal physiologic circumstances post 
prandial lipase secretion has been estimated at 
9000–18,000 USP units/min (Keller et al. 1997; 
Keller and Layer 2005) totalling between 120,000 
and 2,196,000 USP units in the 3 h post prandial 
period (DiMagno et al. 1977). Based on intuba-
tion studies in humans it has also been suggested 
that only 5–10% of normal pancreatic output is 
required for normal fat absorption (DiMagno 
et al. 1973; Kalser et al. 1968; Regan et al. 1979).

For steatorrhea to be abolished following oral 
administration of pancreatic enzymes require-
ments include that (a) the enzyme remain active 
and (b) mix and (c) empty with the meal which is 
(d) coordinated with the entry of bile into the 
duodenum and normal small intestinal motility 
and absorptive function. Studies have shown that 
administration of approximately 30,000 USP 
lipase units/meal of unprotected pancreatic 
enzymes can eliminate steatorrhea in those with 
absent or low acid secretion (Fig. 14.1) (Graham 
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1977). The duration of the postprandial gastric 
pH ~4 and the average duodenal pH was also 
shown to correlate with the percentage reduction 
in steatorrhea (i.e., the longer the gastric pH 
remained ~4, the higher the average duodenal 
pH, and the more reduction in steatorrhea 
achieved). Another study also showed complete 
resolution of steatorrhea in two of six patients 
with 18,000 USP lipase units/meal of enteric- 
coated microspheres given throughout the meal 
(Fig.  14.2) (Graham 1979). One can therefore 
conclude that in adults with pancreatic steator-
rhea between 18,000 and 30,000 USP units of 
lipase per meal is sufficient to eliminate steator-
rhea. The difficulty is how to “deliver a sufficient 
amount of active lipase at the right place, i.e., 
duodenum and proximal jejunum, and at the right 
time, i.e., in parallel with gastric emptying of 
nutrients,” (Table 14.3) (Trang et al. 2014).

14.3.2  Barriers to Delivery 
of Sufficient Active Lipase 
to the Duodenum 
and Proximal Jejunum 
in Parallel with Gastric 
Emptying of Nutrients

There are remarkably few data available showing 
how to reliably achieve resolution of malabsorp-
tion with orally administered pancreatic enzymes. 
The normal digestive process provides integra-
tion of gastric emptying with pancreatobiliary 

Table 14.3 FDA approved pancreatic enzyme 
preparations

Drug

Lipase 
(USP 
units) Preparation

Diameter 
(mm)

CREON®

Creon 
3000

3000 Capsule with enteric 
coated 
minimicrospheres

0.71–1.6

Creon 
6000

6000 Capsule with enteric 
coated 
minimicrospheres

0.71–1.6

Creon 
12000

12,000 Capsule with enteric 
coated 
minimicrospheres

0.71–1.6

Creon 
24000

24,000 Capsule with enteric 
coated 
minimicrospheres

0.71–1.6

Creon 
36000

36,000 Capsule with enteric 
coated 
minimicrospheres

0.71–1.6

Pancreaze®

Pancreaze 
4200

4200 Capsule with enteric 
coated microtablets

2

Pancreaze 
10500

10,500 Capsule with enteric 
coated microtablets

2

Pancreaze 
16800

16,800 Capsule with enteric 
coated microtablets

2

Pancreaze 
21000

21,000 Capsule with enteric 
coated microtablets

2

Zenpep®

Zenpep 
3000

3000 Capsule with enteric 
coated beads

1.8–1.9

Zenpep 
5000

5000 Capsule with enteric 
coated beads

1.8–1.9

Zenpep 
10000

10,000 Capsule with enteric 
coated beads

2.2–2.5

Zenpep 
15000

15,000 Capsule with enteric 
coated beads

2.2–2.5

Zenpep 
20000

20,000 Capsule with enteric 
coated beads

2.2–2.5

Zenpep 
25000

25,000 Capsule with enteric 
coated beads

2.2–2.5

Ultresa®

Ultresa 
13800

13,800 Capsule with enteric 
coated minitablet

2

Ultresa 
20700

20,700 Capsule with enteric 
coated minitablet

2

Ultresa 
23000

23,000 Capsule with enteric 
coated minitablet

2

Pertyze®

Pertyze 
8000

8000 Capsule with 
bicarbonate buffered 
enteric coated 
microsphere

0.8–2.2

(continued)

Table 14.3 (continued)

Drug

Lipase 
(USP 
units) Preparation

Diameter 
(mm)

Pertyze 
16000

16,000 Capsule with 
bicarbonate buffered 
enteric coated 
microsphere

0.8–2.2

Viokace®

Viokace 
10440

10,440 Non-enteric coated

Viokace 
20800

20,880 Non-enteric coated

pH at or above which enzyme is designed to release most 
of the enzyme based on the package insert
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secretion to provide ideal conditions in terms of 
pH and enzyme concentration to promote diges-
tion and absorption of the nutritional elements 
despite marked differences in the composition 
and quantity of meals.

When pancreatic enzymes are administered 
orally they can either mix with or separate from 
the meal. They can also either survive or be 
destroyed by acid-pepsin. By 1905 it was noted 
that pancreatin “was rendered inert” by gastric 
juice (Chase 1905) and that enteric coating of the 
enzymes either failed to protect the enzymes or 
failed to dissolve rapidly enough “to allow the 
pancreatin to be of any service in digestion” 
(Chase 1905). The stomach is only one of the bar-
riers to successful therapy as altered gastro- 
intestinal motility and reduced pancreatic 
bicarbonate secretion also result in unpredictable 
destruction, transit or dissolution of administered 
enzymes (DiMagno et al. 1977; Layer et al. 1986). 
One common strategy has been to administer 
large quantities of pancreatic enzymes in an 
attempt to overpower the gastric barrier. 
Experience has shown that this rarely restores 
normal fat absorption (Beazell et  al. 1941; 
DiMagno et al. 1977; Harris et al. 1955; Jordan 
and Grossman 1959; Littman and Hanscom 
1969). The option of using enteric coating to pro-
tect the enzymes has also had limited success as it 
has been plagued both by separation of the enteric 
coated enzymes from the meal and the fact that 
the proximal intestine often remains acidic which 
delays dissolution of the coating and release of 
the enzymes to the distal small intestine and colon 
(Aloulou et al. 2008; Delchier et al. 1991).

)yad/g(taflaceF
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No enzyme
Tablet
Capsule

1 2 3 4 5 6

Subject Number

Fig. 14.1 Comparison 
of baseline and therapy 
with enzymes 
formulated as tablets or 
capsules in adults with 
exocrine pancreatic 
insufficiency. 
Approximately 30,000 
USP units of lipase were 
given with meals. 
Correction of steatorrhea 
correlated with time the 
gastric pH was 4 or 
greater. (Adapted from 
Graham 1977. Copyright 
© 1977 Massachusetts 
Medical Society)

Fig. 14.2 Effect of increasing the enzyme dosage on 
fecal fat excretion while receiving a 100  g fat diet. 
Enzymes were given three times per day with meals pro-
viding 18,000 USP lipase units as enteric coated micro-
spheres (i.e., three microsphere capsules with each meal). 
Each rectangle encloses the mean ± the standard deviation 
of the mean. The normal fecal fat is <6 g/24 h. (Adapted 
from Graham 1979)
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14.3.3  Gastric Emptying Barrier

Gastric emptying is normally highly regulated by 
receptors in the duodenum that respond to the 
pH, osmolarity, and nutrient content of the con-
tents entering from the stomach (Hunt 1983; 
Hunt and Knox 1968; Smith et  al. 1984). The 
stomach acts as a reservoir which acidifies, 
grinds, and sieves the gastric contents such that 
small particles (e.g., <1 mm) suspended in liquid 
are the major form of the meal that exits into the 
duodenum (Meyer 1980; Meyer et  al. 1988; 
Meyer and Lake 1997). The addition of nutrients 
to the stomach also results in robust acid secre-
tion such that the pH is typically above four for 
only a short period after eating. The lack of pan-
creatic bicarbonate and enzymes results in more 
rapid emptying and inability of the duodenum to 
control the pH and maintain the ideal milieu for 
digestion (DiMagno et  al. 1977; Layer et  al. 
1986).

14.3.4  Overcoming the pH Barrier

As noted previously, lipase is irreversibly inacti-
vated at pH 4 or below. The gastric pH barrier 
often extends into the duodenum. Attempts to 
overcome the pH barrier include enteric coating 
of enzymes and/or the use of antacids or antise-
cretory drugs to increase the intragastric/duode-
nal pH.

14.3.5  Coating of Enzymes

Most pancreatic enzyme preparations available in 
the United States are packaged as enteric coated 
microspheres. The only exception is Viokace®. 
Pertyze® is enteric coated but also contains a 
small amount of bicarbonate in the outer layer. 
The amount of bicarbonate present is too small to 
be functionally important. While the enteric 
coated enzyme products are available in different 
dosages (Table  14.3), the amount of lipase is 
increased by packaging identical microspheres in 
larger capsules which containing more beads.

In 2004 the FDA mandated that all pancreatic 
enzymes be reformulated to meet new specifica-
tions including minimum and maximum amounts 
of enzyme and dissolution characteristics under 
defined conditions (Trang et al. 2014). The regu-
lation was prompted by the wide variability of 
products including generic enteric coated prod-
ucts that often failed to protect the enzymes in 
transit through the stomach (Kuhn et  al. 2007). 
The bar for clinical approval was very low as they 
only had to prove to be superior to placebo (Trang 
et al. 2014). The outcome was a reduced number 
of products and a large increase in price. Most 
FDA- mandated post-approval studies to better 
understand why the results were relatively poor 
have been completed but the results have not been 
revealed (Trang et al. 2014). Since 2010 only the 
newly approved products are available in the U.S., 
although over-the-counter products remain avail-
able at health food stores. These are typically not 
enteric coated and lipase activity is measured in 
different units such that  interpretation required 
translation (Table 14.4.) (Scharpé et al. 1997).

Currently available enteric coated microbead 
enzymes are effective in protecting the acid- 
sensitive lipases from inactivation in the stomach 
and have proven more effective than placebo in 
reducing steatorrhea (Trang et  al. 2014). 
However, they frequently fail to entirely correct 
malabsorption. Importantly, the strategy of 
administration of more microbeads (i.e., increas-
ing the dosage) generally fails to provide a fur-
ther reduction in steatorrhea (i.e., there is absence 
of a dose response) (da la Iglesia-García et  al. 
2017; Trang et  al. 2014). The lack of a dose 

Table 14.4 Conversion of relative potency of enzymes 
based on different units of measurement

Amylase: 1 Ph.Eur. Unit = 1 BP Unit = 1 FIP Unit ~ 
4.15 USP Units
Lipase: 1 Ph.Eur. Unit = 1 BP Unit = 1 FIP Unit ~ 1 
USP Unit = 1/3 IU
Protease: 1 Ph.Eur. Unit = 1 BP Unit = 1 FIP Unit ~ 
62.5 USP Units

Ph.Eur European Pharmacopoeia, BP British 
Pharmacopoeia, FIP International Pharmaceutical 
Federation, USP United States Pharmacopoeia, IU 
International Units
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response prevents dose escalation as an effective 
treatment strategy to achieve the desired clinical 
response (Trang et  al. 2014). Overall, many 
patients do well by relying only on enteric coated 
microbeads despite only partial relief of steator-
rhea but a proportion continues to experience 
nutritional deficiencies (da la Iglesia-García et al. 
2017; Dominguez-Munoz et al. 2007; Lindkvist 
et al. 2015; Trang et al. 2014).

The lack of dose-response and the relatively 
poor treatment response is often related to the 
fact that enteric coated microspheres rapidly sep-
arate from bulk food/nutrients. They thus are nei-
ther uniformly distributed within the meal nor 
reliably emptied along with the nutrients (Trang 
et al.). This results in dietary fat being emptied 
into the duodenum without the accompanying 
lipase needed for lipid digestion. The enteric 
coating used is slow to dissolve even in highly 
buffered alkaline media in  vitro (Trang et  al.). 
Impaired bicarbonate secretion in the duodenum 
of patients with pancreatic insufficiency pro-
duces an acid milieu such that the microbeads 
may not dissolve and release the contents until in 
the distal jejunum, ileum, or colon (DiMagno 
et al. 1977; Layer et al. 1986; Trang et al. 2014). 
Attempts have been made to compensate for this 
incoordination by giving some enzymes immedi-
ately before, throughout, or after the meal (da la 
Iglesia-García et  al. 2017; Dominguez-Munoz 
et al. 2005; Trang et al. 2014). The effects of this 
strategy have been studied in a number of FDA 
mandated studies. The fact that as of April 2018 
the results have not been published or reported 
suggests that the issues with incoordination of 
the process have not been solved (e.g., Pancrease 
https://clinicaltrials.gov/ct2/show/study/NCT006
76702?term=NCT00676702rank=1 –Completed 
with 13 participants but no results posted 
(NCT00676702). Pancrecarb https://clinicaltri-
als.gov/ct2/show/NCT00744250?term=NCT007
44250rank=1 – And https://clinicaltrials.gov/ct2/
show/NCT00749099?term=NCT00749099rank=
1. Both terminated as no longer required by FDA, 
3 enrolled. NCT00744250; 11 enrolled 
NCT00749099. Viokase  – https://clinicaltrials.
gov/ct2/show/NCT00559052?term=NCT005590

52rank=1 completed with 22 participants, no 
results posted. NCT00559052).

Although increasing amounts of enzyme 
microbeads often fails to produce a meaningful 
reduction in steatorrhea, there is also a risk that 
dumping a high concentration of pancreatic 
enzymes or, more importantly, of the highly 
acidic enteric coating into the colon can result in 
development of colonic strictures. This is particu-
larly a problem in children (Bakowski and 
Prescott 1997; Franzen et  al. 2008; Gaia et  al. 
2001; Prescott and Bakowski 1999; Prieto et al. 
2009; van Velzen et al. 1996). Colonic strictures 
were initially attributed to the high concentration 
of pancreatic enzymes but as other drugs using 
the same coating have caused colonic stricture 
the evidence suggests that the highly acid coating 
may actually be the agent responsible for colonic 
damage (Prescott and Bakowski 1999; van Ball 
et al. 1996).

14.3.6  Use of Adjuvant Antacids 
and Anti-secretory Agents

The recognition that unprotected pancreatic 
enzymes could be inactivated during transit 
through the stomach led early investigators to try 
antacids to prevent enzyme inactivation. The 
early studies used arbitrary amounts of antacids 
but showed that co-administration of sodium 
bicarbonate or aluminum hydroxide with 
enzymes was partially effective (Durie et  al. 
1980; Gow et  al. 1981; Kalser et  al. 1968; 
Kattwinkel et al. 1972; Veeger et al. 1962; Weber 
et al. 1976). Fordtran et al., provided a more sci-
entific basis for effective use of antacids for heal-
ing of peptic ulcers disease based on timing and 
dosages of antacid administration designed to 
enhance and extend the buffering capacity of 
meals (Fordtran et al. 1973). However, the goal of 
antacids to heal peptic ulcers differs from what is 
required of antacids when used as adjuvants to 
protect pancreatic enzymes. The critical differ-
ence between the two objectives is the need to 
prevent the intragastric pH from falling to pH 4 
or below while the enzymes are in the stomach.
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In a randomized study, we compared the effec-
tiveness of sodium bicarbonate (1.3 g or 12 mEq), 
aluminum hydroxide (30 mL or 57 mEq), magne-
sium-aluminum hydroxide 30 mL or 72 mEq), or 
calcium carbonate (1 g or 21 mEq) administered 
before and immediately after each meal in improv-
ing steatorrhea in subjects receiving a low dose of 
lipase per meal while receiving 100  g fat/day 
(Graham 1982). The dose of lipase was expected 
to, on average, reduce steatorrhea by 50%. Those 
receiving adjuvant therapy with sodium bicarbon-
ate or aluminum hydroxide experienced a reduc-
tion in steatorrhea (Fig.  14.3) (Graham 1982). 
Although all of the antacids lengthened the time 
the intragastric pH was >6 and increased duodenal 
pH and increased lipolysis, adjuvant therapy with 
calcium carbonate or magnesium-aluminum 
hydroxide resulted in worsening of steatorrhea and 
partially negated the benefits of enzyme therapy 
(Fig. 14.3) (Graham 1982; Graham and Sackman 
1982). It was shown that the antacids did not 
impair lipase function and while calcium and mag-
nesium-containing antacid therapy improved 
lipolysis, the released fatty acids combined with 
calcium or magnesium to produce calcium or 
magnesium soaps which were poorly absorbed 
(Graham 1982; Graham and Sackman 1982, 1983) 
introducing a new barrier to absorption.

H2-receptor antagonists are generally incapa-
ble of maintaining the intragastric pH >4 which is 

required to prevent lipase inactivation (Graham 
1982; Hunt et al. 1995; Jones et al. 1987). In con-
trast, while once daily administration of a proton 
pump inhibitor is able to increase the intragastric 
pH to ≥4, the duration is typically short (Bell 
et  al. 1992; Graham and Tansel 2018). Studies 
with omeprazole and enteric coated pancreatic 
enzymes in cystic fibrosis patients with persistent 
steatorrhea despite use of enteric coated enzymes, 
confirmed that enzyme dose escalation failed to 
reduce steatorrhea whereas the strategy of increas-
ing the enzymes along with adjuvant omeprazole 
was beneficial (Fig. 14.4) (Heijerman et al. 1991). 
Most subsequent studies with currently available 
enteric coated enzyme preparations have not dem-
onstrated consistent benefits with adjuvant proton 
pump inhibitor therapy with the possible excep-
tion of those whose poor response was due to high 
gastric acid secretion (Bruno et  al. 1994; 
Dominguez-Munoz et  al. 2005; Marotta et  al. 
1989; Sander-Struckmeier et al. 2013).

Because of the general inability of adjuvant 
proton pump inhibitor therapy, as currently pre-
scribed, to provide meaningful benefits this 
approach is not recommended for all patients 
(Dominguez-Munoz 2007). This admonition 
should now be reconsidered based on better 
understanding of how to use proton pump inhibi-
tors to maintain the intragastric pH ≥4 (Graham 
and Tansel 2018).

Fig. 14.3 Effect of antacids and enzymes on the effective-
ness of 30,000 USP units of lipase per meal for the treatment 
of pancreatic steatorrhea. Each symbol represents a different 
patient. Box represents the mean ±SEM for the group. 

Number in [ ] = weight of stool. Sodium bicarbonate, mag-
nesium aluminum hydroxide, aluminum hydroxide, or cal-
cium carbonate were administered at the beginning and the 
termination of each meal. (Adapted from Graham 1982)
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14.3.7  Combined Proton Pump 
Inhibitor and Antacid 
Adjuvant Therapy

The comparative effectiveness of different proton 
pump inhibitors in maintaining the intragastric 
pH above a desired pH (here, pH >4) for the 
entire 24  h day (pH4time) can be expressed in 
terms of omeprazole equivalents (Graham and 
Tansel 2018; Kirchheiner et al. 2009). Studies of 
pH4time are typically done after 5 days of ther-
apy to ensure that steady state has been achieved. 
When different PPIs are given once daily the 
median pH 4 time increases linearly from approx-
imately 30% (~7 h) following administration of 
about 2.5  mg omeprazole equivalents (equal to 
10  mg of pantoprazole) to approximately 60% 
(~14 h) with about 70 mg omeprazole equivalents 
(equal to 40 mg of esomeprazole or rabeprazole). 
Most published studies of adjuvant proton pump 
therapy with pancreatic enzymes have used 
20 mg of omeprazole once daily which produces 
a median pH 4 time of approximately 45% 
(10.8 h) (Fig. 14.5) (Graham and Tansel 2018). 
With 20 mg of omeprazole given twice daily the 
pH 4 time is approximately 70% (~17  h) and 
increases linearly to approximately 85% (~20 h) 

following administration of approximately 70 mg 
omeprazole equivalents twice daily. These results 
suggest that (a) the dose of omeprazole typically 
used in prior studies was insufficient to protect 
the pancreatic enzymes from inactivation in the 
stomach, (b) most of the beneficial effects would 
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Fig. 14.4 Randomized cross-over comparison of similar 
amounts of lipase administered as unprotected enzyme 
capsules (Cotazyme®) or enteric-coated microspheres 
(Pancrease®) on coefficient of fat absorption (CFA) in cys-
tic fibrosis patients with pancreatic insufficiency. Although 

the enteric coated preparation was better in those with the 
greatest degree of malabsorption (CFA <60%), neither 
formulation resulted in resolution of steatorrhea. (From 
Trang et al. 2014, with permission)
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Fig. 14.5 Comparison of the effects of once-daily and 
twice-daily proton pump inhibitor administration as 
omeprazole equivalents on the proportion of the day the 
time the median intragastric pH remained at 4 or higher. 
Once-a-day proton pump inhibitor therapy ranging from 9 
to 64  mg omeprazole equivalents. Twice-daily proton 
pump inhibitor administration ranged from 18 to 64 mg 
omeprazole equivalents. For both, the linear regression 
line is shown. For twice-daily administration the 95% CI 
is also shown. All data are after at least 5 days of therapy 
in Western populations. (From Graham and Tansel 2018)
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likely have been at least partially related to 
improvement in duodenal pH which prevent 
inactivation of normally secreted enzymes (i.e., 
allow residual function to become active) and 
allow emptied enzyme to function properly, (c) 
the resulting change in the gastric contents might 
reduce the separation of the enteric coated beads 
from the meal in the stomach (which appears 
very unlikely unless it allowed some of the beads 
to dissolve in the stomach and release their 
enzymes) or, (d) improve bead dissolution in the 
proximal intestine.

As noted previously, if the intragastric pH 
remains high, unprotected enzymes are highly 
effective in reducing both steatorrhea and cre-
atorrhea (Graham 1977). This degree of pH 
control is possible but to reliably achieve this 
probably requires twice daily proton pump 
inhibitor therapy as well as adjuvant antacids 
to neutralize the small amount of acid still 
being produced (Graham and Tansel 2018; 
Julapalli and Graham 2005) (Fig. 14.5). While 
the optimum doses of PPI and antacid for this 
indication have yet to be determined, we rec-
ommend that proof of principle experiments 
administer 60 or more mg omeprazole equiva-
lents (e.g., 40 mg of esomeprazole or rabepra-
zole twice daily) which would be expected to 
provide a median pH4time of approximately 
85%. This high dose of proton pump inhibitors 
can significantly inhibit acid secretion allow-
ing very small amounts of antacid to have a 
profound and long lasting effect. Based on the 
data from prior studies, we would start with 
sodium bicarbonate (1.3 g; 12 mEq) or alumi-
num hydroxide (5 or 10 mL; 10 or 20 mEq) at 
the beginning and end of the meal, and possi-
bly 1 and 3 h after the meal, for initial experi-
ments with unprotected enzymes (Graham 
1982). Subsequent experiments designed to 
identify the optimum proton pump inhibitor 
and antacid dosages and frequencies of admin-
istration and should also include measurements 
of fecal fat and intragastric pH.  Possibly, the 
new and more potent and long acting competi-
tive potassium blocker, vonoprazan alone 
would suffice without adjuvant antacids 
(Graham and Dore 2018).

14.3.8  Summary 
and Recommendations 
for Use of Enzymes

Our recommended approach to management of 
pancreatic insufficiency is illustrated in Fig. 14.6. 
Although it is recommended that one take into 
account the patient’s diet and level of pancreatic 
insufficiency, these are hard to estimate and there 
is no evidence that they are actually important 
factors. We suggest starting with 18,000–30,000 
USP units of lipase per meal with an enteric 
coated microbead product given in divided doses 
(e.g., before, at the beginning and mid-meal). 
Multiple administrations of enzymes to achieve 
the total dose are designed to achieve better coor-
dination of enzyme and meal delivery to the duo-
denum (discussed in detail in reference (Trang 
et al.)). The most common approach to assessing 
effectiveness has been by patients’ reported 
response and symptoms (Dominguez-Munoz 
2011; Dominguez-Munoz and Iglesias-Garcia 
2010). This is highly unreliable but repeated fecal 
fat or 13C-mixed triglyceride breath testing are 
generally unavailable often making symptomatic 
assessment the only currently available practical 
approach for many clinicians. If there is an unsat-
isfactory response, increasing the enzyme (e.g., 
doubling the amount to a total of 50,000 or 
60,000 units) is typically the next step but, as dis-
cussed above, one can expect little or no dose- 
response effect, such that the strategy is unlikely 
to be successful and likely only increases costs 
and side effects (da la Iglesia-García et al. 2017; 
Trang et al. 2014). An inadequate response to the 
initial dose of enzymes should prompt reconsid-
eration of the presence of more than one diagno-
sis (Fig. 14.6). An alternate approach to increasing 
the dosage above 50,000–60,000 lipase units/
meal is to instead add or substitute a non-enteric 
coated enzyme product just before or at the 
beginning of the meal (e.g., Viokace®). Probably 
a better alternative is to switch entirely to non- 
enteric coated enzymes along with reliable sup-
pression of gastric acidity (Fig. 14.6) as described 
above (e.g., approximately 60  mg omeprazole 
equivalents BID and adjuvant antacids such as 
sodium bicarbonate or aluminum hydroxide). 
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This approach has not been tested with current 
formulations but treatment of those with low to 
absent gastric secretion with uncoated enzymes 
has proven highly successful in the past. With 
this approach enzymes should be taken immedi-
ately before and throughout the meal to ensure 
their mixing and emptying with the meal.

14.4  Chronic Pancreatitis

14.4.1  Nutritional Assessment 
of Patients with Chronic 
Pancreatitis

Chronic pancreatitis is associated with both 
endocrine and exocrine insufficiency. Patients 
with both endocrine and exocrine insufficiencies 
are particularly difficult to manage as they have 
difficulty absorbing ingested nutrients and in 
addition to malabsorption also experience calorie 
loss via urinary excretion of sugar. In these 
patients controlling blood sugar is often very dif-
ficult until malabsorption is controlled. Weight 

loss, symptoms associated with maldigestion and 
difficulty in controlling sugar are common pre-
sentations of pancreatic insufficiency. The focus 
on improving overall nutrition often does not 
receive the same attention in the literature or in 
practice as details regarding pancreatic enzymes 
replacement. Recent longitudinal cohort studies 
of patients with pancreatic insufficiency followed 
long term have also confirmed that there is an 
increased risk of mortality associated with 
chronic pancreatitis and that the mortality risk 
and poorest quality of life is greatest among those 
with low body mass index (da la Iglesia-García 
et al. 2018; Duggan et al. 2014). In recent studies, 
many patients with pancreatic insufficiency are 
either overweight or obese yet they demonstrate 
reduced functional capacity such as assessed by 
hand grip strength and muscle mass (Duggan 
et al. 2014).

Fecal elastase I levels do not relate to the pres-
ence or absence of micronutrient deficiencies and 
should not be used to guide whether deficiencies 
are present or whether one should evaluate micro-
nutrient status. Nutritional deficiencies are com-

Exocrine Pancreatic Insufficiency

~30,000 Lipase units/divided with meal
~10,000 Lipase units/snack

Therapy for identified nutritional deficiencies 

4 to 6 weeks

Clinical response

Good Inadequate

If available
72 hr fecal fat or 13C mixed triglyceride breath test

Options
A. Modify based on nutritional and 

steatorrhea testing
B. Continue with follow-up at ~3 month

intervals until stable, then extend
interval

Options
A. Reconsider diagnosis
B. Increase Lipase to ~50 to 60K/meal
C. Add PPI
D. Add PPI plus uncoated enzyme

at start of meal
E. Switch to uncoated enzyme and PPI

plus antacid regimen

Fig. 14.6 Algorithm describing the recommended clinical approach to using replacement enzymes for the treatment of 
exocrine pancreatic insufficiency
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mon in patients with pancreatic insufficiency and 
we recommend that micronutrient status should 
be routinely and regularly assessed (Duggan 
et al. 2014). In the past, vitamin deficiencies were 
very common in this group of patients. Recent 
studies have confirmed that the problem remains 
although the prevalence of vitamin deficiencies is 
lower (Duggan et al. 2014). For example, a pro-
spective study of 40 patients with chronic pancre-
atitis, many on treatment, found deficiencies of 
vitamin K (63%), vitamin D (53%), vitamin E 
(10%) and vitamin A (3%) as well as osteopenia 
(45%) and osteoporosis (10%) (Sikkens et  al. 
2013). Another study of those on long term treat-
ment found vitamin A and D deficiencies in 
14.5% and 24.5%, respectively (Duggan et  al. 
2014). However, some of these patients had 
excess vitamin A levels in the toxic range con-
firming the need for testing. Another recent study 
confirmed low levels of magnesium, hemoglobin, 
albumin, prealbumin, and retinol binding protein 
in patients with pancreatic insufficiency 
(Lindkvist et al. 2012). In that study a low serum 
magnesium (<2.05  mg/dL) highly correlated 
with the presence of pancreatic exocrine insuffi-
ciency. As noted earlier, both calcium and mag-
nesium bind with fatty acids to form poorly 
soluble calcium or magnesium soaps and are 
malabsorbed resulting in hypomagnesemia and 
reduced bone density (Graham and Sackman 
1982, 1983). This interaction requires calcium 
and magnesium replacement be separated from 
meals where the presence of calcium and magne-
sium could also interfere with fat absorption.

14.4.2  Recommended Testing 
for Vitamin Deficiencies 
and Nutritional Status

Evaluation of patients with pancreatic insuffi-
ciency should include anthropomorphic measure-
ments and regular testing for specific nutritional 
deficiencies (Lindkvist et al. 2012). Hand strength 
testing is simple and is recommended. Initial test-
ing will serve to identify if and which specific 
deficiencies are present and allow a patient- 
specific replacement strategy to be developed. 

Further testing is then required to ensure the defi-
ciencies are corrected and hypervitaminoses do 
not occur. Regular assistance of a trained dieti-
tian is extremely useful but not a guarantee of 
success (Sikkens et al. 2012). There are no recent 
high quality evidenced-based guideline defining 
which tests should be done or how often. Routine 
follow-up measurement of serum vitamin E, 
magnesium, and plasma proteins, notably retinol 
binding protein, albumin, and prealbumin levels 
has been recommended (Lindkvist et al. 2015).

The blood tests often used to assess nutritional 
status in pancreatic insufficiency are shown in 
Table  14.5. Initial nutritional status screening 
should be conducted at the time of diagnosis. We 
recommend that levels be rechecked after 
3 months of starting enzyme replacement therapy 
and, if normal, subsequent testing of nutritional 
status should be done annually. More frequent 
laboratory testing should be individualized based 
on tolerance of oral feeding, whether high dosage 
vitamin supplementation (vitamin replacement 
therapy) has been instituted, and in the presence 
of continuing steatorrhea, nausea, vomiting or 
weight loss. The fat soluble vitamins (A, D, E, 
and K) are especially prone to being deficient. 
Among those with deficiency, vitamin D and E 
are most likely to be deficient.

The most dramatic manifestation of vitamin A 
deficiency is night blindness (i.e., Do you have 
difficulty driving at night?), however vitamin A 
deficiency is currently uncommonly seen in 
 pancreatic insufficient patients (Duggan et  al. 
2014). Biochemical assessment of vitamin A 
involves measuring retinol binding protein and 
prealbumin (transthretin). Retinyl esters nor-
mally bind to retinol binding protein and prealbu-
min and are transported from the liver to the 
tissues. Retinol binding protein is a negative 
acute phase protein and thus levels fall during 
infection and inflammation. It has been suggested 
that rather than rely entirely on measurement of 
retinol binding protein, a better measure of vita-
min A status is to assess the retinol binding 
protein:prealbumin ratio: a ratio of ≤0.36 is 
indicative of vitamin A deficiency (Rogers 2013). 
Zinc is required for synthesis of retinol binding 
protein such that failure to respond to supplemen-
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tal vitamin A suggests zinc deficiency. During 
replacement it is important that one avoid hyper-
vitaminosis A which can manifest as nausea, 
vomiting, anorexia, and bone pain. Generally, 
one should recheck levels more often during high 
dose vitamin A replacement therapy. As noted 
above, in one study of patients on enzyme ther-
apy, hypervitaminosis A was more common than 
deficiency (Duggan et al. 2014).

Vitamin D deficiency is especially common in 
chronic pancreatic insufficiency but it is also 
common in the general population. The recom-
mendation is to provide 1500–2000 IU daily for 
those over 18 years of age with a low 25 hydroxy 
vitamin D level ≥20 but ≤30 ng/mL and increase 
the daily dose by 1600–6000 IU of vitamin D3 
(Borowitz et al. 2002; Rogers 2013). Those with 
levels <20 ng/mL should receive 10,000 IU/day 
vitamin D3 for 3 months before rechecking levels 
and modifying treatment as required (Borowitz 
and Gelfond 2013). Because metabolic bone dis-
ease is a common problem in patients with pan-
creatic insufficiency periodic bone densitometry 
is recommended (Bernstein et al. 2003).

Vitamin E is an antioxidant and is assessed as 
serum α-tocopherol levels (normal >0.7 ml/dL). 
Vitamin E deficiency is one of the most common 
fat soluble vitamin deficiencies seen in pancre-

atic insufficiency. Serum levels correlate with 
plasma lipid levels such that an 
α-tocopherol:cholesterol ratio of <2.47  mg/g is 
considered indicative of deficiency. Vitamin K 
level is reflected by the prothrombin level usually 
assessed as the International Normalized Ratio 
(INR).

Vitamin B-12 deficiency may also be seen as 
pancreatic trypsin is required to dissociate intrin-
sic factor from R protein and make vitamin B12 
available for absorption. Folate is usually normal 
but if folate and vitamin C levels are available, 
we recommend they also be checked initially.

14.4.3  Water-Miscible Replacement 
Vitamins

Vitamin dosing levels for adults are show in 
Table 14.5. While in children with cystic fibrosis 
many recommend water-miscible vitamins, water 
miscible vitamins are not necessary for adult 
patients on pancreatic enzyme replacement ther-
apy. For those interested in acquiring water mis-
cible vitamin preparations, data on individual 
preparations and their composition is available 
from the Cystic Fibrosis Foundation (https://
www.cff.org/Life-With-CF/Daily-Life/Fitness-

Table 14.5 Recommended laboratory test for nutritional assessment, daily allowances and replacement 
recommendations

Test Normal Daily Replacement
Vitamin A 32.5–78 μg/dL 10,000 IU 20,000 IU
  Retinol binding protein (RBP) 1.6–6 mg/dL
  Prealbumin 16–30 mg/dL
  RBP:prealbumin ratio ≤0.36
Vitamin D 800–2000 IU 1600–10,000 IU
  25-hydroxy vitamin D 20–60 ng/mL
Vitamin E 5.5–17.0 mg/L 200–400 IU 800–12,000 IU
  Serum α-tocopherol >0.7 ml/dL
  α-tocopherol:cholesterol ratio <2.47 mg/g
Vitamin K 300–500 μg 5–10 mg/week
  INR (international normalized ratio) <1.1
Vitamin B12 200–800 pg/mL
Magnesium 1.6–2.6 mEq/L
Zinc 75–140 μg/dL
Albumin 3.5–5.5 g/dL
Cholesterol <200 mg/dL

ABIM Laboratory Test Reference Ranges January 2018
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and-Nutrition/Nutrition/Getting-Your-Nutrients/
Vitamin-Comparison-Chart-for-CF-Specific-
Multivitamins.pdf). Water-miscible fat-soluble 
vitamins are available from Aptalis (http://store.
foundcare.com/aptalis/product/aquadeks-chew-
able-tablets/) as SourceCF or AquaADEK, or 
from Shear/Kershman laboratories as VITAMAX.

14.4.4  Enzymes for Treatment or 
Prevention of Pancreatic Pain

The management of pain in chronic pancreatitis 
is clinically challenging in part because the etiol-
ogy of pain in this setting is poorly understood 
(Hobbs et al. 2016). A heterogeneous collection 
of theories of pancreatic pain abound, including 
pancreatic ductal obstruction/hypertension sec-
ondary to stones and strictures, fibrosis-induced 
increased interstitial pancreatic pressure, pancre-
atic ischemia, and pancreatic neuritis (Table 14.6). 
There are a number of excellent reviews that one 
can consult for specific details of pathogenesis 
and therapy (Hobbs et  al. 2016; Poulsen et  al. 
2013). A variety of strategies to treat and prevent 
pain, some of which address these theories, have 
been tried (Hobbs et al. 2016). Administration of 
pancreatic enzymes remain a viable option in 
specific cases.

Chronic pancreatitis is characterized by ongo-
ing pancreatic inflammation leading to disordered 
pancreatic structure and function. The character-
istic pain of chronic pancreatitis is epigastric, pre-
cipitated by food and radiating to the back. One 
potential cause of pancreatic pain is related to 

pancreatic ductal hypertension attributed to 
inflammatory strictures or obstructing stones. 
Many studies have shown improvement of pain 
with decompression of a dilated pancreatic duct 
(Hobbs et  al. 2016). However, ductal hyperten-
sion causing interstitial hypertension is not pres-
ent in many with painful chronic pancreatitis and 
the pain is thought instead to be related to pancre-
atic ischemia and neuritis (Hobbs et al. 2016).

Some patients have chronic pancreatitis pain 
responsive to pancreatic enzyme therapy. Pain 
associated with malabsorption can also arise 
from the presence of digestive products in the 
gastrointestinal tract and correction of malab-
sorption will reduce or eliminate this pain (Hobbs 
et al. 2016). A second mechanism for pain reduc-
tion is to prevent increased pancreatic pressure 
by feedback inhibition of pancreatic secretion.

14.4.5  Pancreatic Enzymes 
and Negative Feedback

Observational studies have noted reduction in pan-
creatic pain with pancreatic enzyme therapy in 
some patients with chronic pancreatitis (Hobbs 
et al. 2016). This has been attributed to exogenous 
pancreatic enzymes reducing endogenous secre-
tion of enzymes in response to meals which reduces 
the increase in ductal and parenchymal pressure 
associated with secretion of pancreatic juice and 
prevents or reduces pain (Hobbs et al. 2016).

The normal human pancreas secretes continu-
ously which increases in the post-prandial period. 
Entry of food and fatty acids into the duodenum 
triggers secretion of cholecystokinin (CCK) and 
secretin which stimulate pancreatic enzyme and 
bicarbonate secretion (Layer and Keller 1999). 
Negative pancreatic feedback inhibition has been 
demonstrated in rats, chickens and pigs (Chernick 
et  al. 1948; Corring 1973; Green and Lyman 
1972; Ihse et al. 1979; Louie et al. 1986; Rausch 
et  al. 1987; Shiratori et  al. 1986). In healthy 
humans, pancreatic enzyme output suppression is 
dose-dependent occurring with the intraduodenal 
infusion of proteases: the minimum dose is 
0.5 mg/mL of trypsin and maximal suppression 
occurred with 1.0 mg/mL (Owyang et al. 1986a). 

Table 14.6 Mechanisms of pain in chronic pancreatitis

Increased intraductal pressure
  Ductal obstruction from strictures/stones
Increased intrapancreatic pressure (compartment-like 
syndrome)
  Fibrosis causing lack of distensibility
Neuropathic
  Entrapment of nerves
  Damage of nerves by enzymes
  Increased nerve tissue
Pancreatic ischemia
  Worsened during increased enzyme secretion
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Suppression also correlated with the decline in 
blood CCK levels (Owyang et  al. 1986a). It 
remains unclear how mg of trypsin/mL relate to 
USP units of protease activity used to describe 
pancreatic enzymes. The Worthington catalog 
suggests the conversion is about 3000 USP units/
mg bovine trypsin (http://www.worthington-bio-
chem.com/try/cat.html).

Pancreatic outputs have been compared in 
patients with differing severity of chronic pancre-
atitis and healthy controls (Slaff et al. 1984) and 
the infusion of 10 mg/mL of trypsin was found to 
reduce pancreatic secretion by approximately 
32% in patients with reduced pancreatic output 
vs. 74% in those with normal pancreatic secre-
tion. No inhibition was noted in patients with low 
pancreatic bicarbonate secretion and steatorrhea 
(Slaff et al. 1984). However, chronic pancreatic 
enzyme therapy resulted in a 27% decrease in 
basal pancreatic secretion compared to a 46% 
decrease with amino acid stimulated secretion. In 
that study, the minimum trypsin concentration 
required to inhibit pancreatic exocrine secretion 
was 0.9  mg/mL with maximum suppression at 
2.5  mg/mL.  Chymotrypsin (10  mg/mL) also 
decreased amino acid-stimulated trypsin output 
whereas protease-free lipase and amylase have 
no effect. Overall, the data are consistent with the 
notions that (a) intraduodenal trypsin and chymo-
trypsin both suppress human pancreatic secre-
tion, (b) that suppression is minimal in advanced 
pancreatic insufficiency and (c) patients who fail 
to suppress pancreatic secretion often do not 
experience pain relief with enzyme supplementa-
tion (Slaff et al. 1984). The data regarding control 
of pancreatic secretion in human are consistent 
with several distinct feedback pathways, one 
mediated by proteases (e.g., trypsin/chymotryp-
sin) (Adler et al. 1988a, b; Ebbehoj et al. 1990; 
Liener et al. 1988) and another by acetylcholine 
(Owyang et al. 1986b).

14.4.6  How Well Does Enzyme 
Therapy Reduce Pancreatic 
Pain?

There have been numerous studies and several 
large meta-analyses of the use of pancreatic 

enzymes in the treatment of abdominal pain in 
chronic pancreatitis (Hobbs et  al. 2016). The 
available studies are heterogenous in relation to 
severity of exocrine insufficiency, etiology of 
pancreatitis, clinical presentation, presence or 
absence of narcotic use, and importantly, to 
enzyme formulation and dosage and relation to 
meals. Together, these caveats greatly inhibit 
one’s ability to evaluate the effect of enzyme 
therapy on pain relief. Individual studies have, 
however, shown reduced pancreatic pain with 
both enteric and non-enteric coated enzymes 
compared with placebo and have reported 
improved quality of life with pancreatic enzymes 
(Czako et al. 2003; Ramesh et al. 2013).

Overall, the data confirm that some patients 
with pancreatic pain will respond to enzyme ther-
apy, however, studies showing excellent or good 
effects are in the minority (Hobbs et  al. 2016; 
Mossner 1991). One issue is that inhibition of 
pancreatic secretion is protease-specific and 
requires a threshold concentration of trypsin/chy-
motrypsin. Most studies have used enteric-coated 
enzymes which are unlikely to provide sufficient 
intraduodenal trypsin activity to provide feed-
back effective inhibition. In addition, most of the 
patients involved have severe insufficiency and 
are thus were the least likely group to respond.

While the data regarding use of pancreas 
enzymes to treat pain in chronic pancreatitis is 
poor, long term studies have shown improved 
outcome in terms of absorption and pain relief 
associated with the use of pancreatic enzymes. 
This is consistent with pain associated with mal-
absorption of nutrients being an important and 
treatable factor (Czako et  al. 2003; Gubergrits 
et  al. 2011; Hobbs et  al. 2016; Ramesh et  al. 
2013). Studies with non-enteric coated enzyme 
preparations given while preventing gastric inac-
tivation are needed to adequately test the role of 
the negative feedback loop and to rest the pan-
creas and also provide pain relief.

14.5  Conclusions

The most common uses for pancreatic enzymes 
are as replacement therapy for treatment of exo-
crine pancreatic sufficiency and for pain associ-
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ated with chronic pancreatitis. Exocrine 
pancreatic insufficiency is one of the most com-
mon causes of malabsorption. The most common 
etiologies are chronic pancreatitis, cystic fibrosis, 
and surgical resection. We discuss the details of 
use of pancreatic enzymes to replace those 
needed for normal digestion as well as the barri-
ers that must be successfully dealt with to achieve 
that goal. We also discuss the use of pancreatic 
enzymes in pancreatic pain and the various 
mechanisms that may produce pain in chronic 
pancreatic disease. Finally, we discuss the nutri-
tional deficiencies common in patients with pan-
creatic insufficiency and the approach to 
identifying, monitoring, and treating these 
deficiencies.

The major hurdle to providing successful ther-
apy has been destruction of pancreatic enzymes 
during transit through the stomach. The introduc-
tion of enteric coated enzymes packages as 
microspheres helped overcome this barrier but 
also proved to have significant limitations in that 
the microspheres tend to separate from the meal 
and empty separately, introducing a new barrier. 
In the natural process, the enzymes and meal are 
mixed along with bile salts at the proper pH to 
maximize digestion and absorption. Separation 
of the microspheres from the meal and their slow 
dissolution results in a new barrier made worse 
by the fact that microspheres may not release 
their contents until deep within the small intes-
tine. Nonetheless they are partially effective and 
were more reliable than uncoated enzymes. 
However, there is no dose response, as increasing 
the microsphere dosage has minimal or no fur-
ther effect on efficacy and generally only results 
in increased costs and side effects. We discuss 
how to maximize the benefits with microspheres 
but for most questions there are no clinical trials 
to confirm improved efficacy such as whether 
adding non-coated enzymes at the beginning of 
the meal would improve efficacy.

Until recently it was unknown how to reliably 
overcome the pH barrier caused by lipase being 
irreversibly inactivated at pH 4 or below. Recent 
understandings of relative PPI potency and how 
best to administer PPIs to maximize the time the 
intragastric pH remains above four suggests that 
it should now be possible to utilize non-enteric 

coated enzymes effectively. For example, admin-
istration of 60–70 mg of omeprazole or its equiv-
alent twice-a-day (e.g., 75 mg of lansoprazole, or 
40 mg of esomeprazole or rabeprazole twice-a- 
day) possibly with a small amount of an appro-
priate antacid (e.g., aluminum hydroxide or 
sodium bicarbonate) at the beginning and end of 
the meal or 1 h after the meal should provide a 
milieu to protect the enzymes, allow mixing and 
emptying along with the meal, and provide maxi-
mum benefit. This hypothesis remains to be 
tested. In 2004, the FDA mandated that all pan-
creatic enzymes must prove efficacy and the 
research has been company-sponsored studies to 
prove that the new products were superior to pla-
cebo. There have been a few company-sponsored 
studies looking at some important variables, such 
as microsphere emptying and separation from the 
meals, but none of those data have been pub-
lished or made available on request and support 
for addressing the many clinically important 
questions noted above remains lacking.
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Abstract
Cardiovascular diseases are a group of disor-
ders consisting importantly of coronary heart 
disease, peripheral arterial disease, cerebro-
vascular disease, rheumatic heart disease, con-
genital heart disease, deep vein thrombosis 
and pulmonary embolism. Severe cardiovas-
cular disease conditions lead to acute myocar-
dial infarction and stroke. One of the reasons 
for this is formation of blood clots inside the 
vessel. Anticoagulants and antiplatelet drugs 
are used for managing cardiovascular diseases 
for a long time. However, they were unable to 
dissolve an existing thrombus. Fibrinolytic 
enzymes have become more substantial for 
treating cardiovascular diseases since they 
could lyse the fibrin clot within the blood ves-
sel. Inability of plasma fibrinolytic system 
demands better thrombolytic drugs. Major 
thrombolytic enzymes belonging to plasmino-
gen activators and plasmin like enzymes. 
Currently used fibrinolytic enzymes and their 
limitations are revisited in the present chapter. 
Reported enzymes from various sources with 
potential to be used as cardiovascular thera-
peutic is also discussed here.

Keywords
Fibrinolytic enzymes · Plasminogen activa-
tors · Microbial thrombolytic enzymes · 
Nattokinase · Serrapeptase
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15.1  Introduction

Coronary thrombosis was identified as fatal in the 
early nineteenth century itself, but little was 
known about its cause and risk factors. It was 
rather regarded as a medical curiosity and for 
many years it was considered causing sudden 
death every time. Until the dawn of twentieth cen-
tury pathophysiology of acute myocardial infarc-
tion (AMI) was unclear. Krehl in 1901 proposed 
that thrombosis doesn’t always cause immediate 
death (Krehl 1901). Later it was found that recov-
ery from AMI is possible and advocated bed rest 
for post infarction recovery (Herrick 1912). 
During that period morphine was recommended 
to relieve pain after AMI (Parkinson and Bedford 
1928). Thus management of AMI was palliative 
than curative during the earlier times. Aspirin was 
reported to prevent myocardial infarction (MI) 
during 1950s and used widely for preventing pri-
mary and secondary MIs though it has not been 
proved useful for acute phases of infarction 
(Craven 1950, 1953). Coronary care units (CCU) 
were introduced in early 1960s for having con-
tinuous cardiac monitoring and treating fatal 
arrhythmias, thereby reducing the mortality rate 
due to MI (Julian 1961).

Whenever an injury or trauma occurs, the 
blood flow through the vessels should be imme-
diately arrested to prevent the loss. This is 
achieved by hemostasis, characterized by equi-
librium between blood coagulation and fibrinoly-
sis. The hemostatic system includes primary 
hemostasis (platelet plug formation), secondary 
hemostasis (coagulation) and tertiary hemostasis 
(fibrinolysis). Primary hemostasis initiates 
through vascular spasm or local vaso-constriction 
occurring immediately after injury and thereby 
reducing the blood flow through the vessel fol-
lowed by platelet aggregation to form platelet 
plug. Coagulation factors normally exist as pro- 
enzymes and circulate through blood stream 
along with pro-coagulant and anticoagulant fac-
tors such as von Willebrand factor, tissue factor, 
platelet activating factors, tissue factor pathway 
inhibitor, endothelium-derived relaxing factor or 
nitric oxide (NO), tissue plasminogen activator 
(t-PA) and prostacyclin (Lane et al. 2005; Pearson 

1994). Once trauma occurs the above factors get 
activated. Coagulation or secondary hemostasis 
usually referred as coagulation cascade initiates a 
series of enzyme reactions which consists of 
intrinsic and extrinsic pathways (Macfarlane 
1964). Chief coagulating enzyme thrombin, 
formed from Factor Xa initiates fibrin polymer-
ization and thereby blood clotting (Kovalenko 
et  al. 2017). However, removal of clot after 
wound healing is also important in order to 
ensure the proper blood circulation. Tertiary 
hemostasis is characterized by dissolution of clot 
or fibrinolysis controlled by fibrinolytic system. 
Plasmin is the enzyme that degrades clot, and it is 
formed form plasminogen with the aid of plas-
minogen activators. However, this is regulated by 
plasminogen activator inhibitor 1 (PAI-1), 
thrombin- activatable fibrinolysis inhibitor 
(TAFI), α2-antiplasmin and α2-macroglobulin 
etc. (Stassen et al. 2004).

Normal functioning of the circulatory system 
is achieved through hemostatic balance between 
fibrin formation and degradation (Fig.  15.1). 
Improper accumulation of blood clot inside the 
vessel is called thrombus which is usually 
removed by plasmin. Nevertheless, when the bal-
ance shifts towards the inappropriate accumula-
tion of fibrin, normal oxygen supply towards 
cells will be disturbed causing tissue damage, 
leading to thrombolytic diseases such as acute 
myocardial infarction and stroke (Arnout et  al. 
2006). According to WHO report 17.7 million 
deaths (below 70 years old) are due to heart dis-
eases representing 31% of total mortality 
occurred globally during the year 2015 (WHO 
2017). Among these 7.4 million were due to cor-
onary heart disease while 6.7 million were due to 
stroke. Cardiovascular conditions such as acute 
myocardial infarction, ischemic heart disease and 
stroke often occur due to blockage of blood flow 
and many factors play a role in these  obstructions. 
Removal of fibrin clot is essential for proper 
management of thrombolytic diseases. 
Cardiovascular disease management often 
involves use of anticoagulants such as warfarin 
and heparin, antiplatelets such as dipyridamol 
and aspirin, removal of blood clot either by sur-
gery or by using thrombolytic enzymes.
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15.2  Status of Anticoagulants 
and Antiplatelets

15.2.1  Heparin and Derivatives

Anticoagulants are known to inhibit blood clot-
ting and were used in preventing MI from early 
twentieth century. A fat soluble anticoagulant 
was discovered while searching for procoagu-
lants from dog liver in 1915 by McLean under the 
guidance of Howell. Later, Howell and Holt iso-
lated fat soluble anticoagulant heparin which was 
claimed to be distinct from the anticoagulant 

molecule obtained by McLean. The term heparin 
was coined from the Greek word ‘hepar’ mean-
ing liver by Howell indicating the source of isola-
tion (Howell and Holt 1918). However the credit 
of discovery was disputed since McLean claimed 
himself that he discovered heparin (Marcum 
2000). Heparin is a glycosaminoglycan inhibit-
ing blood clotting. Though it was discovered a 
century ago it took long time for its clinical appli-
cation. However, earlier studies conducted by 
Mayo Clinic, Minnesota, USA showed that hepa-
rin causes side effects such as headache, fever 
and nausea (Mason 1924). Later, researchers 

Fig. 15.1 Normal hemostasis- equilibrium between coagulation and fibrinolysis (TAFI Thrombin Activatable 
Fibrinolysis Inhibitor, PAI Plasminogen Activator Inhibitor, FDPs Fibrin degradation products)
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from various parts of the world worked on purifi-
cation and improvement of heparin preparation 
and thereby eliminating the side effects to a great 
extent.

Murray et  al. (1937) showed that heparin 
could prevent thrombus formation in traumatized 
veins of dogs. Later it was used as anticoagulant 
in humans in the year 1937. It enhanced the clot-
ting time during 2 h infusion (Murray et al. 1937). 
Several reports expressed successful use of hepa-
rin (McLean and Johnson 1946; Lange et  al. 
1945), but clinical practice of the molecule 
reflected certain shortcomings such as heparin 
induced thrombocytopenia (HIT), bleeding com-
plications etc. which have to be constantly moni-
tored as well as multiple and regular 
administration of heparin on a daily basis is 
essential (Cohen 1999). Despite these limita-
tions, heparin still remains as one of the widely 
used cardiovascular drugs, though it is the oldest 
therapeutic used as anticoagulant. Apart from 
heparin, low molecular weight heparins 
(LMWHs) derived from heparin by its depoly-
merization also find their application as antico-
agulants. They unveil better therapeutic index 
with lower frequency of HIT in comparison with 
heparin. But, LMWHs are not appropriate for 
management of already established HIT, since 
the antibodies produced against heparin react 
with them. Each LMWH is distinct in its molecu-
lar weight and therapeutic properties (Bick and 
Fareed 1999; Cohen 1999). On the other hand, 
LMWHs also need to be injected and the major 
route of clearance is renal. Hence, the half-life of 
the molecule is higher in patients with renal fail-
ure leading to its accumulation (Hirsh et  al. 
2001). A few of these LMWHs include enoxapa-
rin, dalteparin, nadroparin, tinzaparin, certoparin, 
reviparin, ardeparin, parnaparin and bemiparin.

15.2.2  Coumarin Derivatives

Anticoagulants like coumarin derivatives were 
discovered in 1939 by the identification of dicu-
marol from spoiled sweet clover hay which is a 
vitamin K antagonist by Link and Campbell 
(Stahmann et al. 1941). Further studies on cou-

marin derivatives led to the discovery of warfarin 
which was initially used as rodenticide and later 
approved for clinical use as anticoagulant. It was 
the first oral thrombin inhibitor and found useful 
in preventing embolic strokes (Aguilar and Hart 
2005). Limitations of these vitamin K antago-
nists were bleeding complications, interaction 
with food, necrosis and hair loss (Dantas et  al. 
2004; Ansell et  al. 2008; Pirmohamed 2006). 
Even though other coumarin derivatives such as 
phenprocoumon and acenocoumarol also were 
used as anticoagulants, warfarine is the most 
common vitamin K antagonist in practice and 
remains as affordable in cardiovascular disease 
management.

15.2.3  Thrombin Inhibitors

Several thrombin inhibitors have been developed 
during the past couple of decades and proved 
their efficacy as anticoagulants. Hirudin is one of 
the most important, naturally occurring thrombin 
inhibitor molecule isolated from leach. 
Administration of hirudin has been associated 
with increased risk of bleeding as well as forma-
tion of non-neutralizing antibodies in patients 
(Hoppensteadt et al. 2008). Later, many thrombin 
inhibitors with better efficacy and therapeutic 
potential have been developed such as argatro-
ban, bivalirudin, lepirudin and dabigatran etexi-
late. The first used thrombin inhibitor is 
Argatroban and it is now widely used in Japan. It 
was recommended as an alternate anticoagulant 
for patients suffering from HIT and its clinical 
use significantly reduced bleeding complications 
in comparison to heparin (Lewis et  al. 2001, 
2003). Bivalirudin is a bivalent reversible inhibi-
tor and when compared to heparin and LMWHs, 
they declined the bleeding complications by 
almost 50% whereas the efficacy remained same 
for all of them (Carswell and Plosker 2002; 
Ahrens et al. 2007). Another thrombin inhibitor 
lepirudin was found to be marginally superior to 
heparin and more suitable for patients with previ-
ously reported HIT though continuous monitor-
ing is required here also (Lubenow et al. 2004). 
Dabigatran etexilate is an oral prodrug that would 
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get converted into active dabigatran, a direct 
thrombin inhibitor, upon intestinal absorption 
(Lee and Ansell 2011). All those thrombin inhibi-
tors described here are FDA approved for pre-
venting various cardiovascular diseases.

15.2.4  Factor Xa Inhibitors

Factor Xa is a serine protease and since it is part 
of prothrombinase complex, it carries crucial role 
in blood coagulation. Factor Xa inhibitors are 
another class of anticoagulant drugs reducing 
thrombin formation. These small molecules bind 
with active site of factor X (Xa) which in turn 
inhibits the formation of thrombin. They demon-
strate varying structural and functional diversity 
and can be either naturally occurring or synthetic 
molecule and chemically it can be peptide, pro-
teins or heparin saccharidic sequences (Fareed 
et  al. 1999; Leone et  al. 2004; Bauer 2006; 
Samama et al. 1997). Their mode of action could 
be either direct by binding to factor Xa or indirect 
through binding with antithrombin III (AT), lead-
ing to Factor Xa inactivation. The interaction of 
Xa inhibitors could be reversible or irreversible 
(Harenberg and Fenyvesi 2004; Walenga et  al. 
2002). Fondaparinux is a heparin pentasaccha-
ride, FDA approved this for its use after surgery 
and also for initial management of thrombotic 
disorders such as pulmonary embolism and deep 
vein thrombosis trials (Hoppensteadt et al. 2008). 
Another indirect acting FXa inhibitor is 
Idraparinux (SANORG-34006), which is a hyper 
methylated variant of fondaparinux and showed 
more affinity towards antithrombin III (AT) 
(PERSIST investigators 2004). Rivaroxaban was 
an orally active, direct thrombin inhibitor and 
extensively studied for its use in preventing 
venous thromboembolism during knee and hip 
replacement (Turpie et  al. 2005; Eriksson et  al. 
2006). A few other direct Factor Xa inhibitors 
include otamixaban, apixaban, edoxaban etc. 
Although most of the Factor Xa inhibitors are 
either under clinical trial or in different develop-
mental stages, still they are considered safer than 
thrombin inhibitors (Hoppensteadt et al. 2008).

15.2.5  Antiplatelet Drugs

Platelet activation is initiated by vonWillebrand 
factor (vWF) interacting with collagen and plate-
let surface glycoprotein receptors resulting in its 
adherence to vascular sub-endothelium. Activated 
platelets further release thromboxane A2 (TxA2), 
thrombin and adenosine diphosphate (ADP). 
These series of events eventually leads to the 
expression of platelet surface glycoproteins (GP 
IIb-IIIa) subsequently leading to platelet aggre-
gation and thrombus formation (Oprea and 
Popescu 2013). Antiplatelet drugs are used for 
prevention and management of thrombotic disor-
ders. First antiplatelet drug used was aspirin, 
though its mechanism of action was unresolved 
at the time of use. Later it was found that platelet- 
connective tissue reaction can be considerably 
damaged by aspirin uptake. This inhibits the 
platelet plug formation and thereby prolongs the 
clotting time (Weiss and Aledort 1967). Further 
studies revealed that antiplatelet effect of aspirin 
is largely due to its irreversible inactivation of 
cyclooxygenase enzyme, primarily cyclooxygen-
ase 1 (COX1). Inhibition of prostaglandin syn-
thase/cyclooxygenase enzyme impedes the 
prostaglandin produced by platelets. 
Prostaglnadin (PH2) is the substrate for synthesis 
of the TxA2 by thromboxane-A synthase (Vane 
1971; Smith and Willis 1971; Oprea and Popescu 
2013) and thus, COX1 inhibition by aspirin is 
accountable for its use as antiplatelet drug. 
Another class of antiplatelet therapeutics is ADP 
receptor inhibitor which blocks binding of ADP 
to its specific receptor on blood platelet surface. 
Ticlopidine was the earliest ADP receptor antag-
onist, later discontinued due to its adverse effects 
such as thrombocytopenia. Successively a series 
of ADP receptor inhibitors are developed like 
clopidogrel, prasugrel, and ticagrelor. Clopidogrel 
is a P2Y12 receptor inhibitor which irreversibly 
blocks binding of ADP. Prasugrel is another irre-
versible inhibitor of P2Y12 receptor. Ticagrelor 
on the other hand mainly blocks P2Y1 receptor 
and it partially inhibits P2Y12 receptor too. The 
inhibitory mechanism is instead reversible here. 
A third class of antiplatelet drugs belongs to gly-
coproteins (GP IIb-IIIa) antagonists. GP IIb-IIIa 
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are chief integrins responsible for platelet aggre-
gation and subsequent thrombus formation. 
Abxicimab, tirofiban and eptifibatide are a few 
GP IIb-IIIa inhibitors that are FDA approved and 
antagonism exhibited by these molecules are 
reversible (Oprea and Popescu 2013).

15.3  Thrombolytic Drugs

Despite all the advancements in the area, antico-
agulants and antiplatelet drugs are with signifi-
cant short comings such as bleeding 
complications, but are in practice for a longer 
period of time. However, major drawback of this 
therapy is that these drugs cannot act on an exist-
ing clot. Demand for clot buster drugs was there 
for a longer time. Enzyme therapies are becom-
ing more significant during the current scenario. 
Fibrinolytic enzyme therapy is one among the 
many potential applications of therapeutic 
enzymes. Accidental discovery of streptokinase 
paved the way for development of thrombolytic 
therapy. Streptokinase was regarded as a wonder 
drug since its discovery and still a drug of choice 
in most of the developing countries.

Major advantage of treatment using fibrino-
lytic enzymes over anticoagulants and antiplat-
lets is that they could act upon an existing clot. 
Primary focus of these enzymatic actions is on 
the protein (fibrin) either directly or indirectly. 
They are often called as clot bustering enzymes 
and categorized into two types based on the 
mechanism of action. First category is plasmino-
gen activators; converting plasminogen to active 
plasmin that cleaves the fibrin clot formed. eg 
tissue-type plasminogen activator (t-PA) and uro-
kinase. They are widely used for treatment of car-
diovascular diseases. t-PA was approved in 1996 
by Food and Drug A administration (FDA) for 
intravenous injection against thrombosis. 
Recombinant tissue plasminogen activator 
alteplase (Activase®) against cardiovascular dis-
eases is the first genetically engineered enzyme 
to get approved by United States Food and Drug 
Administration (USFDA). Many plasminogen 
activators such as alteplase, reteplase, 
tenecteplase, urokinase, streptokinase and anis-

treplase are available for clinical use and have 
been commonly used in treating cardiovascular 
diseases for the past five to six decades (Kotb 
2014). Second category of thrombolytic enzyme 
is plasmin like enzymes that are direct acting 
fibrinolytic enzymes which do not require activa-
tion of plasminogen. Instead, they can perform 
clot dissolution by acting upon it, eg. plasmin, 
nattokinase and lumbrokinase.

15.3.1  Plasminogen Activators 
as Thrombolytic Drugs

Plasminogen activators, also called indirect 
thrombolytic drugs are serine proteases that stim-
ulate formation of plasmin from plasminogen. 
They are classified into three categories namely 
first, second and third generation plasminogen 
activators. First generation plasminogen activa-
tors (streptokinase and urokinase) were less fibrin 
specific and caused bleeding complications. 
Second generation plasminogen activators were 
developed to increase fibrin specificity and 
thereby reducing the bleeding complications. 
Though it reduced the complications associated 
with first generation plasminogen activators, they 
still possess risk of bleeding. Third generation 
plasminogen activators are mostly genetically 
engineered t-PA variants (except staphylokinase 
and desmoteplase) to achieve superior properties 
such as fibrin selectivity, improved half-life and 
prolonged renal clearance time. Development of 
plasminogen activators as thrombolytic drugs are 
discussed below.

15.3.1.1  First Generation 
Plasminogen Activators 
as Thrombolytic Drugs

With the discovery of streptokinase, a new line of 
treatment for cardiovascular diseases were started 
i.e., dissolution of clot using thrombolytic 
enzymes. First generation plasminogen activators 
converts circulating plasminogen to active plas-
min which in turn cleaves fibrin as well as other 
proteins such as clotting factors, fibrinogen etc. 
The first generation thrombolytics thus are not 
fibrin specific and lead to systemic bleeding com-
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plications, but offered a significant hope in the 
new therapeutic approach towards cardiovascular 
diseases (Flemmig and Melzig 2012).

Streptokinase
First generation fibrinolytic enzyme therapy 
began with the discovery of streptokinase during 
1930s. Streptococci a beta hemolytic bacterium 
was known to produce a fibrinolytic substance 
which was isolated from wound exudates (Tillett 
and Garner 1933). This substance was earlier 
named streptococcal fibrinolysin and later named 
as streptokinase by Christensen. Plasminogen in 
human plasma gets activated by these kinases to 
active plasmin which is responsible for fibrinoly-
sis (Christensen 1945). Further studies proved 
that plasmin could digest not only fibrin but 
fibrinogen too. Plasmin inhibitors prevented 
fibrinolysis in normal course. Partially purified 
streptokinase was used to study the therapeutic 
potential in earlier studies (Christensen 1947). 
However, the prospective of using streptokinase 
(SK) as thrombolytic drug was acknowledged 
only with the experiment of Johnson and Tillett 
(1952) when they successfully dissolved intra-
vascular clots in the marginal ear veins of rabbit. 
Later thrombolysis in femoral artery by strepto-
kinase was reported (Sherry 1954).

Large scale purification of human plasmino-
gen was achieved by Kline (1953). This led to 
direct use of plasmin as clot buster. Intravenous 
administration of streptokinase-activated human 
plasmin dissolved clots formed in canine vessels 
(Cliffton et  al. 1953). The major concern was 
whether direct use of plasmin or use of plasmino-
gen activators was beneficial. Mechanism of 
action by streptokinase turned out to be a two- 
step process. Initially it formed a complex with 
human plasma factor and converted the plasma 
factor to plasminogen activator and finally this 
plasminogen activator converted plasminogen to 
plasmin (Davies et al. 1964; Sherry 1954). Direct 
use of plasmin not only dissolved clot but also 
other proteins such as clotting factors and fibrino-
gen. Thus, it was assumed that plasminogen acti-
vators are better to be used as therapeutic agent 
rather than circulating plasmin (Alkjaersig et al. 
1959; Fletcher et  al. 1959b). It was established 

that streptokinase infusion via the intravenous 
route after AMI significantly reduced mortality 
(Fletcher et  al. 1958, 1959a). Streptokinase as 
cardiovascular therapeutic was found promising 
since it was the only drug that could improve the 
condition after AMI at that time. Dissolution of 
intracoronary clots by streptokinase was proved 
for first time by Ruegsegger and colleagues 
(1959).

Correspondingly, the adverse effects of SK 
were reported earlier by Tillett and Sherry (1949). 
Usage of SK leads to pyrogenic reaction associ-
ated with symptoms like headache, malaise, 
arthralgia and occasionally nausea (Tillett and 
Sherry 1949). However, it was impossible to pro-
duce streptokinase with reduced pyrogenic reac-
tion (Sherry 1981). During those days the purity 
of streptokinase attained was only 10% (Sikri and 
Bardia 2007). In order to reduce the side effects, 
further purification of SK was carried out. 
Purification of SK was achieved and the molecu-
lar weight was determined to be 47  kDa (De 
Renzo et  al. 1967). It is a single polypeptide 
composed of 415 amino acids (Jackson and Tang 
1982). Continuous evolution of SK has been 
achieved through various attempts. With advances 
in recombinant DNA technology, cloning and 
expression of streptokinase was made possible to 
yield better preparations (Malke and Ferretti 
1984; Muller et  al. 1989; Wong et  al. 1994). 
Recombinant SK (rSK) thus produced was supe-
rior with lesser antigenicity compared to wild 
type SK (Collen et al. 1996).

A large number of clinical trials were per-
formed involving both animals and humans by 
various groups to determine the safety and thera-
peutic potential of SK.  Some of these studies 
were representing only a smaller population 
(Koren et al. 1985). Extensive studies involving 
large number of populations were conducted dur-
ing the early 1980s. GISSI (Gruppo Italiano per 
la Sperimentazione della Streptochinasi 
nell’Infarto Miocardico) was the first among 
them. In this study of 11,806 patients in 176 cor-
onary care units were monitored for a period of 
17  months. Survival rate was more for patients 
who received SK during early onset of AMI 
(GISSI 1986).

S. S. Kumar and A. Sabu



353

The scenario changed after the introduction of 
t-PA for treating AMI, and finding the best throm-
bolytic agent among SK and t-PA was the new 
challenge. t-PA become popular in developed 
countries for its superior action and t-PA as 
thrombolytic agent will be discussed later. But 
SK is still the drug of choice in the case of devel-
oping nations and poor countries due to its 
reduced cost. Streptase®, Kabikinase®, 
Heberkinasa® etc. are a few of the commercially 
available streptokinase formulations of which 
Heberkinasa® is a recombinant streptokinase 
(rSK) (Kumar and Sabu 2017).

Urokinase Plasminogen Activator (u-PA)
Macfarlane and Pilling (1947) reported the fibri-
nolytic activity of normal urine for the first time. 
Urine dilutions of 1/2000–1/4000 dissolved 
blood clots. Urokinase was later purified from 
urine (Ploug and Kjeldgaard 1957). Studies of 
adult human kidney have revealed that primary 
culture of adult kidney cells produced plasmino-
gen activator. Apart from hepatic cells, primary 
cultures of other tissues (both prenatal and post 
natal) such as ureter, renal blood vessels, bladder 
and lung too produced plasminogen activators, 
which were antigenically similar to Urokinase 
(Bernik and Kwaan 1967, 1969). Urokinase is 
released as an inactive single-chain precursor 
molecule of 55 kDa and proteolytic enzymes like 
plasmin cleaves the precursor giving rise to active 
form of urokinase (Kasai et  al. 1985; Petersen 
et al. 1988; Bernik 1973). The proteolytic cleav-
age at Lys157 gives the active urokinase, which is 
a disulfide linked heterodimer of A chain with a 
molecular weight of 20  kDa and B chain with 
molecular weight 34 of kDa. The A chain con-
sists of an epidermal growth factor-like domain 
and a kringle domain whereas B chain is the cata-
lytic unit (Kasai et al. 1985; Appella et al. 1987; 
Patthy et al. 1984). Plasma is devoid of urokinase 
inhibitors and hence it is freely available at the 
site of action.

15.3.1.2  Second Generation 
Plasminogen Activators

First generation thrombolytics were nonspecific 
towards fibrin (Flemmig and Melzig 2012). Side 

effects such as bleeding complication demanded 
more specific thrombolytic drugs. Second gener-
ation thrombolytics were developed to overcome 
the shortcomings of first generation plasminogen 
activators.

Development of t-PA as a Thrombolytic 
Agent
Earlier it was reported that fibrinokinase, a plas-
minogen activator is present in animal tissues and 
isolation of the enzyme with chaotropic agents 
were described by Stage and Astrup (1952). Later 
it was named as tissue type plasminogen activa-
tor (t-PA). Purification of these plasminogen acti-
vators was attempted from many sources. 
Extraction of human t-PA was achieved with high 
purity, though the yield was as low as 1 mg of 
t-PA from 5 kg uterine tissue. Later it was found 
that t-PA is formed in vascular endothelial cells 
and then released in to circulatory system (Rijken 
et al. 1979, 1980). However, cloning and expres-
sion of human t-PA was achieved which resolved 
the difficulties with respect to low yield and cost 
of production. t-PA is a serine protease of 527 
amino acids with a molecular weight of 70 kDa 
(Ranby et  al. 1982; Pennica et  al. 1983). It is 
secreted as single polypeptide which is cleaved 
by plasmin into a two chain form, linked together 
by disulfide bonds. The C-terminal light chain 
carries the catalytic serine protease domain while 
the N-terminal heavy chain comprises an epider-
mal growth factor domain, a finger domain and 
two kringle domains (Rijken and Groeneveld 
1986). Plasminogen interacts with kringle 2 
domain alone, while fibrin binds to kringle 2 
domain and fibronectin type III finger domain of 
t-PA, pointing towards the stimulatory effect of 
fibrin on t-PA (van Zonneveld et al. 1986). From 
the kinetic studies of t-PA also, it was found that 
the activation of plasminogen by the enzyme is 
remarkably enhanced in the presence of fibrin. 
Thus it’s specificity towards fibrin is substanti-
ated (Hoylaerts et al. 1982). Alteplase is a recom-
binant t-PA approved in1996 by FDA, and it is 
the first recombinant therapeutic enzyme to get 
FDA approval. Since then it is in clinical prac-
tice. Alteplase is available in market under the 
trade name Activase® (Kumar and Sabu 2017). It 
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is used for treating acute ischemic stroke, pulmo-
nary embolism and acute myocardial infarction 
and is regulated to be used within 3 h after isch-
aemic stroke. Also, it is having a short half-life of 
4–8 min and unsuitable for bolus injections (Ali 
et al. 2014). t-PA is clinically used as therapeutic 
for acute ischemic stroke even though it is often 
associated with the risk of cerebral hemorrhage 
and edema (Kaur et al. 2004).

Studies such as GUSTO (Global Utilization of 
Streptokinase and Tissue Plasminogen Activator 
for Occluded Coronary Arteries) (GUSTO 
Angiographic Investigators 1993), Third 
International Study of Infarct Survival 
Collaborative Group, ISIS-3 (ISIS-3 1992) and 
GISSI-2 (Gruppo Italiano per so Studio della 
Sopravvienza nell’Infarto Miocardico) (GISSI-2 
1990) were used to evaluate the therapeutic 
potential of SK to t-PA. All these studies didn’t 
show any significant difference in death rate for 
those received either streptokinase or 
t-PA. However, follow-up of 1 year showed sig-
nificant reduction in mortality for those treated 
with t-PA according to GUSTO. t-PA was having 
a slight edge over streptokinase in the case of 
patients either having chance to receive drug at 
the earliest, or at younger age, or earlier treated 
with streptokinase for AMI (Gershlick and More 
1998).

Prourokinase (scu-PA)
Prourokinase or single-chain urokinase-type 
plasminogen activator (scu-PA) is an inactive 
precursor form of urokinase and in a surface- 
controlled process, plasmin associated with fibrin 
network cleaves the single chain prourokinase 
into two chain urokinase which in turn converts 
plasminogen to plasmin. Major advantage of scu-
 PA is that it shows specificity towards fibrin 
unlike native urokinase (Bernik 1973; Fleury and 
Angles-Cano 1991). Pro-UK showed increased 
half-life of more than 24  h in circulation com-
pared to urokinase and complete lysis of fibrin 
was attained within 1.5  h whereas urokinase 
required 3 h for the fibrinolysis (Zamarron et al. 
1984). Saruplase or prourokinase (scu-PA) is a 
naturally occurring glycoprotein carrying 411 
amino acids. Recombinant production of prouro-

kinase (r-proUK) can be achieved in either bacte-
rial system (E.coli) or mammalian cell line. 
Prolyse® (Abbott Laboratories) is a recombinant 
prourokinase (r-proUK) yet to be approved by 
FDA and production is achieved in murine 
hybridoma cell line. It was found effective in 
stroke and myocardial infarctions (Sun et  al. 
1998; Ouriel 2002). These recombinant prouro-
kinases have undergone a large number of clini-
cal studies. SESAM (Study in Europe with 
Saruplase and Alteplase in Myocardial Infarction) 
revealed that saruplase was safe and effective as 
altplase in acute myocardial infarction (Bar et al. 
1997). Another study, PROCAT (Prolyse in Acute 
Cerebral Thromboembolism) showed the recana-
lization efficacy in acute thromboembolic strokes 
(del Zoppo et al. 1998). COMPASS (Comparative 
Trial of Saruplase Versus Streptokinase) study 
showed comparable 30-day mortality rate for 
both saruplase and streptokinase (Tebbe et  al. 
1998). According to PROCAT II intra-arterial 
administration of pro-urokinase within 6 h after 
the acute ischemic stroke considerably enhanced 
clinical outcome at 90 days (Furlan et al. 1999).

Anistreplase (APSAC)
Anistreplase (anisoylated plasminogen streptoki-
nase activator complex or APSAC) is an equimo-
lar mixture of streptokinase and plasminogen. 
The active site of plasminogen is protected from 
plasmin inhibitors by reversible acylation with 
p-amidinophenyl p-anisate hydrochloride 
(APAN). Upon injection, deacylation starts by 
hydrolysis of p-anisate group leaving active 
plasminogen- streptokinase complex. APSAC is 
more stable with improved half-life and fibrin 
binding capacity (Sherry 1990). APSAC is a 
readily available plasminogen activator and 
shows more specificity towards plasminogen 
bound to clot (Smith et al. 1981). ISIS-3 reported 
that APSAC and streptokinase showed similar 
results in mortality. Also, it is comparable to 
streptokinase in terms of antigenicity and safety 
(Sherry 1990; Munger and Forrence 1990; ISIS-3 
1992). Eminase® is a commercially available 
anistreplase formulation. However, its usage is 
discontinued in USA recently (Ali et al. 2014).
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15.3.1.3  Third Generation 
Plasminogen Activators (by 
Protein Engineering)

Third generation plasminogen activators with 
improved properties were developed for throm-
bolytic therapy. Most of these classes of drugs are 
genetically engineered t-PA variants with 
improved resistance to inhibitors, more safe upon 
administration, prolonged half-life etc. Their 
increased clearance rate makes them suitable for 
bolus administration. A few non t-PA variants 
such as staphylokinase and desmoteplase also 
belong to this category.

Reteplase (Recombinant Plasminogen 
Activator, r-PA, BM 06.022)
Reteplase is an unglycosylated shortened single 
chain deletion variant of t-PA, recombinatly pro-
duced in E.coli and having a molecular weight of 
39  kDa. It consists of 355 of 527 amino acids 
from native t-PA; precisely 1–3 and 176–527 
amino acids of t-PA. Thus reteplase includes only 
catalytic protease domains along with kringle 2 
domain while it lacks epidermal growth factor 
domain, finger domain and kringle 1 domains of 
t-PA (Kohnert et  al. 1992; Sturzebecher et  al. 
1992). The molecules attained enhanced half-life 
from 4 to 15  min as it lacks kringle 1 domain 
which is responsible for quick renal clearance 
(Martin et al. 1991b; Flemmig and Melzig, 2012). 
Absence of fibrin binding finger domain 
decreases the binding affinity of the molecule, 
although kringle 2 domain interacts with fibrin 
(Kohnert et  al. 1992; Martin et  al. 1991a). The 
mortality rate and hemorrhagic stroke for 30 days 
are similar for reteplase and alteplase (GUSTO 
III investigators 1997). Reteplase is commer-
cially available as Retavase® (Centocor, Inc.) and 
Rapilysin® (Roche).

Tenecteplase (TNK-tPA)
Tenecteplase is a recombinant mutant variant of 
t-PA. It is a 65 kDa glycoprotein with 527 amino 
acids. The mutations include Asp103Thr, 
Glu117Asn and 4 alanine substitutions 
(Lys296Ala, His297Ala, Arg298Ala, and 
Arg299Ala). These point mutations increase the 
fibrin specificity by 14-fold and resistance to 

plasminogen activator inhibitor 1 (PAI-1) by 
80-fold (Smalling 1996). Mutations in kringle 1 
domain prolongs the renal clearance time and 
thus increases the half-life to about 10–24  min 
(Cannon et al. 1997). This makes it suitable for 
bolus administration. Clinical trials such as TIMI 
10B (Thrombolysis in Myocardial Infarction) 
trial, ASSENT-1 and ASSENT-2 (Assessment of 
Safety and Efficacy of a New Thrombolytic 
agent) trials reported similar efficacy and safety 
while used for treatment of AMI. However, 
bleeding rate was lesser compared to altepase 
(Zeymer and Neuhaus 1999; Cannon et al. 1998; 
Van de Werf et al. 1999a, 1999b). Trade name of 
tenectplase is TNKase™ (Genentech, Inc.) and 
was approved by USFDA in 2000 for treatment 
of myocardial infarction.

Lanoteplase/Novel Plasminogen Activator 
(n-PA)
Lanoteplase is a novel truncated mutant variant 
of t-PA created by removing finger domain and 
epidermal growth factor domain. Apart from that, 
it has point mutation at kringle1 domain 
Asn117Gln. This in turn results in deletion of 
glycosylation site. These modifications increase 
the renal clearance time and the plasma half-life 
of the molecule turns out to be 37–45 min. It is 
also suitable for bolus administration. The 
enzyme is a single polypeptide with a molecular 
weight of 53.6 kDa and recombinant production 
is achieved in Chinese Hasmster Ovary (CHO) 
cell lines (Larsen et al. 1989, 1991; Nordt et al. 
1999; Collen et  al. 1988). In comparison with 
alteplase higher patency rate was shown by lane-
toplase for 90  min while similar mortality rate 
was shown at 30  days (den Heijer et  al. 1998; 
InTIME-II investigators 2000). However mild 
bleeding complications with haemorrhagic stroke 
were observed more than that found for alteplase 
(Verstraete 2000).

Pamiteplase/Solinase
Pamiteplase is another shortened mutant of t-PA, 
devoid of kringle 1 domain (residues 92–173) 
along with point mutation Arg274Glu. This vari-
ant is resistant to cleavage by plasmin and having 
a half-life of about 30–47  min (Flemmig and 
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Melzig 2012). In comparison with t-PA, much 
higher fibrinolysis was shown by pamiteplase 
under an in  vivo study using canine coronary 
thrombosis model (Kawasaki et  al. 1993). 
Another trial reported comparable results for 
t-PA and pamiteplase, where TIMI-3 flow rate 
was 25% at 30  min and 50% after 60  min for 
pamiteplase while it was respectively 16% and 
48% for t-PA (Flemmig and Melzig 2012). 
Recombinant production is achieved in CHO cell 
lines like lanoteplase (Yokota and Tanji 2008).

Duteplase (met-t-PA)
Duteplase in another variant of t-PA with a single 
point mutation Val245Met and recombinant pro-
duction is achieved in CHO cell lines. Duteplase 
is a nonglycosylated, two-chain form as opposed 
to single chain form of alteplase. According to 
ESPRIT study, incidence of patency in infarct- 
related coronary artery was achieved in 70% 
patients at 90 min with weight-adjusted duteplase 
infusion along with oral aspirin and intravenous 
heparin. Safety of the molecule was similar to 
that of alteplase (Kalbfleisch et al. 1992; Malcolm 
et al. 1996).

Monteplase (E6010)
Another mutated variant of t-PA is monteplase 
where a point mutation has been achieved in epi-
dermal growth factor domain (Cys84Ser). 
However, extended half-life of about 23  min 
makes the mutant suitable for bolus administra-
tion (Suzuki et  al. 1991; Kawai et  al. 1997). 
TIMI-3 flow rate was 69% at 60 min post mon-
teplase treatment for AMI (Flemmig and Melzig 
2012). Higher rate of early recanalization was 
reported for the molecule in comparison to tiso-
kinase, a native t-PA variant in a randomized 
double-blind study conducted in Japan. Also, 
fatal bleeding wasn’t observed during the trial 
(Kawai et al. 1997).

Amediplase (MEN 9036)
Amediplase is a chimeric enzyme of 365 amino 
acids with kringle 2 domain of t-PA (1–3 and 
176–275 residues) and the protease domain of 
single-chain urokinase, scu-PA (159–411). 
Molecular weight of the protein is 39.9 kDa and 

recombinant production is achieved in CHO cell 
lines (Agnelli et  al. 1993; Muller et  al. 1994). 
Amediplase showed ten times lesser binding 
affinity towards fibrin in comparison with 
alteplase under internal and external clot lysis 
methods. However clot penetration ability of the 
molecule was superior to t-PA (Rijken et  al. 
2004). However, amediplase has shown slightly 
better activity than tenecteplase and scu-PA in 
another external clot lysis method (Guimaraes 
et al. 2006).

Desmoteplase (Bat-PA, DSPAα1, v-PA)
Desmoteplase is third generation plasminogen 
activator, a non t-PA variant. Desmodus salivary 
plasminogen activators (DSPAS) is a group of 
four enzymes isolated from common vampire 
bat, Desmodus rotundus and desmoteplase is one 
among them, called DSPAα1 or Bat-PA 
(Kratzschmar et  al. 1991). It is a single chain 
50 kDa protein which could be produced in both 
CHO cell lines and insect cells by recombinant 
techniques. It has an extended terminal half-life 
when compared with other thrombolytic enzymes 
such as t-PA (Hildebrand et al. 1996). DSPAα1 
contains a single kringle domain quite similar to 
the kringle 1 domain of t-PA but it is devoid of 
any lysine binding site. Apart from kringle 
domain, it also contains a signal peptide, an epi-
dermal growth factor (EGF) domain, a serine 
protease domain, and a finger domain. Also the 
protease domain lacks plasmin cleavage site. The 
bimolecular rate constant of plasminogen 
 activation was 13,000 for DSPAα1 and 72 for 
t-PA in the presence of fibrin versus fibrinogen 
(fibrin selectivity), proving it to be highly fibrin 
specific (Bringmann et  al. 1995). Tranexamic 
acid is a synthetic lysine analog that can inhibit 
desmoteplase, therefore possible for managing 
any bleeding complications, occuring during the 
usage of the enzyme (Niego et al. 2008). Canine 
model of arterial thrombosis showed des-
moteplase to be better in thrombolysis compared 
to t-PA (Mellott et al. 1992). Intravenous admin-
istration directly into brain causes excitotoxic 
injury leading to brain damage in case of t-PA, 
whereas desmoteplase does not encourage exci-
totoxic injury and thus proves to be a better thera-
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peutic for ischemic stroke (Reddrop et al. 2005). 
DSPAα1 definitely has therapeutic advantages 
over t-PA and preclinical studies have already 
showed better specificity and selectivity towards 
fibrin. Most thrombolytic drugs have a time win-
dow of less than 3–4.5 h. However, desmoteplase 
is supposed to demonstrate better clinical advan-
tages by extending the therapeutic window of 
patients with ischemic stroke. Desmoteplase in 
Acute Ischemic Stroke (DIAS) trial; a phase II 
trial showed that administration of this drug 
within 3–9 h after the onset of the symptoms of 
stroke has got a clinical benefit with use of 
DSPAα1 (Hacke et  al. 2005). However the 
DIAS-2 failed to prove any significant advantage 
of the drug within 3–9 h time window after onset 
of stroke (Hacke et al. 2009). According to DIAS 
3 and DIAS 4 trials, acceptable safety profile was 
observed for DSPAα1, but no evidence to extend 
therapeutic window up to 9 h for ischemic stroke 
was found (Albers et  al. 2015; Kummer et  al. 
2016). Satisfactory reperfusion efficacy was 
shown by desmoteplase after 3 h since onset of 
AIS; however more studies with well-designed 
clinical trials are needed to be evaluated for the 
effectiveness of the drug to improvise the thera-
peutic window in treating AIS patients (Li et al. 
2017). Although intracranial hemorrhages are 
low for desmoteplase, it did not showed any neu-
rological improvement or survival rate improve-
ment (Hacke et  al. 2009; Albers et  al. 2015; 
Kummer et al. 2016).

Staphylokinase (SAK)
Staphylokinase is another non t-PA variant 
belonging to the third generation plasminogen 
activators. It is an extracellular protein produced 
by Staphylococcus aureus, which forms 1:1 stoi-
chiometric complex with plasmin or plasmino-
gen and activates more plasminogen molecules. 
SAK is a monomer of 136 amino acids without 
any disulfide bond and molecular weight is about 
15.5  KDa. SAK complexes with plasminogen 
molecules that are bound to partially degraded 
fibrin (Sakharov et  al. 1996). α2-antiplasmin 
inhibits plasminogen-SAK complex in the 
absence of fibrin, however, in presence of fibrin 
the lysine binding domain of the complex is 

occupied, preventing the inhibition by 
α2-antiplasmin and there is a fourfold increment 
in activity with presence of fibrin, thus more 
specificity towards fibrin (Lijnen et al. 1991).

Recombinant production of SAK is achieved 
in Escherichia coli, Bacillus subtilis and yeast 
Hansenula polymorpha (Sako 1985; Gerlach 
et  al. 1988; Moussa et  al. 2012). Recombinant 
wild type SAK (wt-SAK) showed more fibrino-
lysis and less fibrinogenolysis compared to that 
of streptokinase (Collen and Van de Werf 1993). 
Yet, therapeutic application of wt-SAK is associ-
ated with antigenicity and hence its repetitive use 
as a drug is ineffective (Vanderschueren et  al. 
1997). Antigenic epitopes can be removed with-
out affecting the activity, by site directed muta-
genesis (Laroche et  al. 2000). Since then many 
site directed mutants were produced with reduced 
immunogenicity. Many of the in vivo studies and 
clinical trials showed the therapeutic efficacy and 
safety of recombinant SAK over t-PA. It did not 
show any systemic fibrinogenolysis or allergic 
reactions during the earlier studies 
(Vanderschueren et  al. 1995a, b, 1996, 1997; 
Armstrong et al. 2000, 2003).

Two hybrid proteins, SAK-RGD-K2-Hir and 
SAK-RGD-K2-Hirul, carrying fibrinolytic 
C-terminal part of recombinant staphylokinase 
(r-SAK), fibrin binding kringle 2 domain of 
tissue- type plasminogen activator (t-PA), anti-
platelet aggregating tripeptide sequence Arg- 
Gly- Asp and anticoagulant hirudin (65 amino 
acids) or hirulog (hirudin analogue of 20 amino 
acids), were produced by cloning and expression 
in pESP-3 expression vector. In vitro studies pro-
posed these fusion proteins to be better thrombo-
lytic agents than recombinant wt-SAK. However 
SAK-RGD-K2-Hirul didn’t show any clinical 
benefit over SAK-RGD-K2-Hir and it also caused 
bleeding complications (Szemraj et  al. 2005, 
2011).

The major disadvantage of plasminogen acti-
vators (PAs) is high cost and side effects such as 
bleeding, nausea and hemorrhage. Upon sys-
temic administration, plasminogen activators 
(PAs) exceed the plasminogen activator inhibi-
tors (PAIs) and start dissolving the clot. Apart 
from clot dissolution, they also disrupt the vascu-
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lar plug formed at the site of injury. Thus bleed-
ing complications are inevitable in treatment 
with plasminogen activators that could lead to 
serious situations such as intracranial hemor-
rhage (Gore et  al. 1991; Marder 1979; Marder 
and Sherry 1988). Their disadvantages necessi-
tated the discovery of better thrombolytic agents.

15.3.2  Direct Acting Plasmin Like 
Thrombolytic Drugs

Research on plasminogen activators resulted in 
development of recombinant and chimeric pro-
tein production. Significant improvement in 
fibrin specificity, safety, extended plasma life etc. 
has been achieved so far. But still these thrombo-
lytic agents possess risk of bleeding complica-
tion, allergic reaction and repercussion. Hence 
search for new and better drugs continues. 
Catheter based local administration of plasmino-
gen activators fastens the process of thromboly-
sis, yet systemic bleeding cannot be avoided 
completely. Direct acting fibrinolytic enzymes 
were reported from various sources which could 
by-pass plasminogen activation and disintegrate 
fibrin clot. They were isolated from non- microbial 
as well as microbial sources.

15.3.2.1  Non-microbial Thrombolytic 
Enzymes

Non microbial thrombolytic enzymes include 
plasmin, variants of plasmin, fibrinolytic prote-
ases from earth worm, snake venom, plant and 
algae. Few among them offered hope as cardio-
vascular therapeutic, however further clinical 
studies are required to determine their safety and 
efficacy. Even though reported with thrombolytic 
potential, further therapeutic usage of plant and 
algal proteases were not reported so far.

Plasmin
Plasmin is the fibrin degrading enzyme which 
can be administered without any bleeding com-
plication and allergic reactions. Systematically 
administered plasmin often gets inhibited by 
α2-antiplasmin, thereby losing the therapeutic 
benefit (Marder 2011). But when given locally 
plasmin doesn’t get blocked by its inhibitors, and 

will lead to fibrinolysis. Later it gets inhibited by 
α2-antiplasmin when it is released to circulation 
after thrombolysis (Marder and Novokhatny 
2010; Marder 2011). In vivo animal models and 
clinical trials suggested the clinical benefit and 
safety of plasmin as a cardiovascular drug that 
could accomplish fibrinolysis (Hoefer et al. 2009; 
Sadeghi et al. 2003; Jahan et al. 2008; Shlansky- 
Goldberg et al. 2008). Plasmin is a heterodimer 
with an N-terminal heavy chain of molecular 
weight 65  kDa and a C-terminal light chain of 
molecular weight 25 kDa linked together by two 
disulfide bonds. Heavy chain contains 5 kringle 
domains and a 77 residue N-terminal peptide, 
whereas light chain carries a serine protease 
domain. It binds to fibrin through lysine binding 
sites at kringle domain, chiefly at kringle 1 
domain (Wiman et al. 1979; Robbins et al. 1967; 
Sottrup-Jensen et al. 1978; Violand and Castellino 
1976; Wiman 1977, Wiman and Wallen 1977; 
Lucas et al. 1983; Wu et al. 1994).

Miniplasmin
Numerous variants of plasmin have been con-
structed for therapeutic applications. Miniplasmin 
is one among them and it is a truncated mutant 
obtained from plasminogen by proteolysis using 
porcine pancreatic elastase. It contains kringle 5 
domain and serine protease domain of plasmin 
(Sottrup-Jensen et  al. 1978). Kringle 5 domain 
mediates binding of fibrin to miniplasmin and 
inhibition of this protein is lower compared to 
that of plasmin (Wiman et al. 1978). Recombinant 
production of miniplasminogen is achieved in E. 
coli using T7 expression system and activated to 
form miniplasmin by urokinase (Moroz 1981). 
However, the kinetic data for thrombolysis by 
miniplasmin is contradictory, which is showing 
higher and lower efficiency in two separate stud-
ies (Moroz 1981; Kolev et al. 1996). Using canine 
model of femoral artery thrombosis it was 
observed that occurrence of reperfusion was 
much higher upon miniplasmin administration, 
when compared to rt-PA.  Also, miniplasmin 
treated group left without any reocclusion, 
whereas 20% reocculsion was showed by rt-PA 
treated group. This points towards the lower inci-
dence of hemorrhage while administering mini-
plasmin over rt-PA (Fu et al. 2008).
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Microplasmin
Microplasmin is another plasmin variant gener-
ated by autolysis of plasmin at high alkaline pH 
(pH 11) and is a 29 kDa protein. It is a heterodi-
mer made up of ‘A’ chain with 31 amino acids 
and ‘B’ chain with 230 amino acids (Wu et  al. 
1987). Micro-plasminogen can be recombinantly 
produced in Pichia pastoris and E. coli. (Nagai 
et al. 2003; Ma et al. 2007). Bioengineering sig-
nificantly reduces the overall production cost. On 
the other hand it doesn’t bind with fibrin since it 
is devoid of all the kringle domains of plasmin. 
Also, rate of inhibition by α2-antiplasmin is very 
low with respect to native plasmin (Nagai et al. 
2003). In vivo animal models and clinical trials 
proved its safety to be used as a therapeutic since 
it was not causing any hemorrhage (Suzuki et al. 
2004; Chen et  al. 2007; Thijs et  al. 2009). 
Microplasmin (ocriplasmin) also finds applica-
tion as therapeutic for vitreomacular adhesion. It 
causes vitreomacular detachment of fibronectin 
and laminin (Chen et  al. 2008; de Smet et  al. 
2009). Ocriplasmin received FDA approval for 
treating vitreomacular adhesion and is commer-
cially available under trade name JETREA®. 
However, its use as a cardiovascular drug is yet to 
be validated by further clinical studies.

Delta Plasmin
Third and most important plasmin variant is 
Delta plasmin, which is a truncated mutant 
formed by removing krinlgle 2–5 domains leav-
ing only kringle 1 domain attached to the serine 
protease domain of plasmin. Recombinant pro-
duction of the Delta plasminogen [Delta(K2-K5)
Pg] was carried out in E. coli T7 expression sys-
tem and found functionally similar to human 
plasminogen. It was converted to active Delta 
plasmin [Delta (K2-K5) Pm] by plasminogen 
activators such as t-PA, urokinase and streptoki-
nase. Even though it showed fibrinolytic efficacy 
equivalent to plasmin (Hunt et al. 2008) further 
validation is required.

Plasmin and its variants are serine proteases 
that directly dissolves clot, but gets inhibited by 
serine protease inhibitors (SERPINS) in plasma. 
Most common serpin in circulation is 
α2-antiplasmin, which immediately inhibits plas-
min upon systemic administration. Plasmin how-

ever doesn’t show bleeding complications since it 
get inhibited rapidly in circulation. However 
catheter based local administration of plasmin is 
more effective in dissolving thrombus (Marder 
et  al. 2001). Delivery of thrombolytics through 
sophisticated catheter based system limited their 
use (Marder and Novokhatny 2010).

Common serine proteases such as trypsin, 
chymotrypsin and elastase are capable of dissolv-
ing thrombi (Sarkar 1960; Sherry 1954; 
Komorowicz et al. 1998). Both plasmin and plas-
minogen activators (PAs) are also chymotrypsin 
like serine proteases. However, the broad sub-
strate specificity of these common proteases 
makes them less suitable for therapeutic applica-
tions (Madison et al. 1995). The SERPINS found 
in circulation is another important factor affect-
ing the efficacy of serine proteases while per-
forming administration. One among them is 
α1-antitrypsin (α1-PI) which is found in abun-
dance and characterized by its ability to inhibit 
serine proteases such as plasmin and thrombin. 
They also could directly impede trypsin, chymo-
trypsin and elastases. Even though reactivation of 
these proteases by α2-macroglobulin is possible, 
the slow rate of reactivation is also a limiting fac-
tor (Aubry and Bieth 1977). Thus, systemic 
administration of these proteases is not recom-
mendable for treating cardiovascular disorders. 
Limitations of enzymes involved in plasma fibri-
nolytic system (plasmin, t-PA) and common pro-
teases (trypsin, chymotrypsin and elastase) 
demand administration of fibrinolytic proteases 
from external sources. Few of the external non 
microbial sources include earthworms Eisenia 
fetida, Lumbricus rubellus (Mihara et  al. 1991; 
Roch 1979), snake venoms (Markland 1998), 
Catharsius molossus (Ahn et al. 2003), Spirodela 
polyrhiza (Choi and Sa 2001) etc.

Snake Venom Thrombolytic Enzymes
Another important source for fibrinolytic 
enzymes is venom of snakes. Fibrolase, is a fibri-
nolytic enzyme isolated from snake Agkistrodon 
contortrix contortrix. It is a zinc metalloprotease 
of 203 amino acids having molecular weight of 
approximately 29  kDa. A truncated mutant of 
201 amino acids is produced from fibrolase called 
alfimeprase with improved fibrinolytic properties 
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(sixfold higher activity than plasminogen activa-
tors such as t-PA and urokinase) without bleeding 
complications upon administration. Two dele-
tions and one substitution changes EQRFPQR of 
fibrolase to SFPQR in alfimeprase. Animal mod-
els as well as Phase I and II clinical studies 
proved efficacy and safety of the drug upon 
administration (Randolph et  al. 1992; Deitcher 
et al. 2006). Lebetase is another direct acing fibri-
nolytic enzyme isolated from Vipera lebetina. It 
is a single chain polypeptide of 214 amino acids 
constituting 23.7  kDa and is a metalloprotease 
(inhibited by EDTA). Lebetase achieves fibrino-
genolysis by rapid dissolution of Aα-chain 
together with slow lysis of Bβ-chain. It appears to 
be safer since it showed only lower hemorrhagic 
activity (Siigur and Siigur 1991).

Earthworm Thrombolytic Enzymes
Earthworms are rich source of proteases with 
thrombolytic potential. Initial characterization of 
earthworm fibrinolytic enzyme was performed 
from Lumbricus rubellus and named lumbroki-
nases (LK) representing a group of protease 
enzymes (Mihara et al. 1991). Eisenia fetida, E. 
andrei L. bimastus etc. are a few other earthworm 
species identified as fibrinolytic enzyme produc-
ers. They produce multiple thrombolytic prote-
ases. L. rubellus produced around six 
lumbrokinase variants and E. fetida yields seven 
variants of fibrinolytic enzymes (EFE a-g) (Cho 
et  al. 2004; Wang et  al. 2003). These enzymes 
show more specificity towards fibrin in compari-
son with plasminogen activators such as t-PA and 
urokinases. Lumbrokinases are direct acting 
fibrinolytic enzymes, also showing functions like 
activation of plasminogen, reduction of platelet 
aggregation, blood thinning etc. Molecular mass 
of these enzymes ranges from 20 to 35 kDa and 
they retains their activity over a wide range of pH 
(pH 1–11) (Pan et al. 2010). In vivo animal mod-
els revealed their potential to be used for oral 
administration (Lee et al. 2007; Yan et al. 2010). 
Recombinant production of this enzyme can be 
achieved in pichia pastoris (Ge et al. 2005). LK 
has its main advantage as a safer therapeutic 
enzyme with lower risk of bleeding disorders 
(Tjandrawinata et  al. 2016); but yet to get 

approval from FDA.  However, Boluoke® is a 
commercially available LK approved by China 
Food and Drug Administration. E. fetida enzymes 
belongs to serine proteases with molecular mass 
ranges from 24.5 to 29.5 kDa and few of them 
were quite similar to lumbrokinases (Wang et al. 
2003).

Plant Based Thrombolytic Enzymes
Herbal formulations are known for therapeutic 
usage since it is widely used in traditional medi-
cines. Plants are rich source of proteolyitc 
enzymes, especially plant latex. Crude prepara-
tions of plants are reported to show in vitro clot 
dissolution and they show considerable stability 
over a wide range of temperature and pH. Fagonia 
Arabica, Bacopa monnieri, Leea indica, Leucas 
aspera, Clausena suffruticosa, Urena sinuate 
and Trema orientalis are few among the plants 
producing thrombolytic enzymes (Prasad et  al. 
2007; Rahman et  al. 2013; Emran et  al. 2015). 
Latex enzymes from various plants such as 
Calotropis gigantea, Wrightia tinctoria and 
Synadenium grantii, Cynanchum puciflorum, 
Asclepias curassavica and Pergularia extensa 
showed procoagulant activity (clot inducing) as 
well as clot dissolving activity. These enzymes 
are either serine proteases or cysteine proteases. 
Though, protease from C. gigantea was found to 
be most potent thrombolytic agent, it showed 
high risk of hemorrhage also; whereas enzymes 
from S. grantii and W. tinctoria showed no hem-
orrhage (Rajesh et  al. 2007; Shivaprasad et  al. 
2009). Cysteine protease enzymes from fruits of 
Bromelia hieronymi, B. balansae and 
Pseudananas macrodontes was evaluated for its 
thrombolytic potential and found that at low con-
centration they showed procoagulant activity and 
as concentration increases it showed fibrinolytic 
activity (Errasti et al. 2016). Extracts from Litchi 
chinensis was shown to have antiplatelet, throm-
bolytic and anticoagulant potential. The extract 
showed increase in fibrinolytic activity in a dose 
dependent manner (Sung et al. 2012). Fibrinolytic 
proteases are also reported from latex of 
Cryptostegia grandiflora and Plumeria rubra 
(Viana et  al. 2013). A fibrinogenolytic enzyme 
Eumiliin was purified and characterized from the 
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latex of Euphorbia milii var. hislopii. Eumiliin is 
a 30 kDa cysteine protease and showed stability 
over a wide range of temperature and pH. It lost 
complete activity at 80  °C and predominantly 
degraded Aα chain of fibrinogen (Fonseca et al. 
2010). A serine protease, EuP-82, with fibrino-
genolytic potential was isolated form Euphorbia 
cf. lactea. It is a homodimer and retains its stabil-
ity over a wide range of pH and temperature 
(Siritapetawee et al. 2015). Hirtin is a 34 kDa ser-
ine protease isolated from the latex of Euphorbia 
hirta with both fibrinolytic as well as fibrinogen-
olytic potential. It was stable between pH 4–8 
and temperature from 30 to 70  °C.  Hirtin also 
showed more affinity towards Aα chain of fibrin-
ogen during fibrinogenolysis (Patel et al. 2012). 
Another fibrinolytic protease, AMP-48, was iso-
lated from the latex of Artocarpus heterophyllus. 
It is a serine protease of molecular weight 48 kDa 
hydrolyzing fibrinogen and readily dissolving α 
subunit followed by partial hydrolysis of β and γ 
subunits just like other fibrinolytics of plant ori-
gin (Siritapetawee et al. 2012). Some of the plant 
fibrinolytic enzymes along with their properties 
are summarized in Table 15.1.

Algal Thrombolytic Enzymes
Thrombolytic enzymes are isolated from algal 
sources too. Seaweeds from the genus codium 
such as Codium intricatum, C. latum and C. dia-
ricatum are reported to produce multiple fibrino-
lytic enzymes. CIP I (C. intricatum protease I) 

and CIP II (C. intricatum protease II) are two 
direct acting fibrinolytic enzymes isolated from 
C. intricatum. Molecular mass of CIP I and CIP 
II were approximately 20 kDa under denaturing 
conditions. Protease isolated from C. latum des-
ignated as CLP (C. latum protease) also showed 
fibrinolytic potential. Molecular weight of the 
enzyme was 23 KDa and N terminal sequencing 
confirms it to be distinct from CIP.  A 31  KDa 
thrombolytic enzyme CDP (C. diaricatum 
 protease) was isolated from C. diaricatum. 
Although the fibrinolytic enzymes from these 
seaweeds are diverse they showed almost similar 
properties. They are serine proteases and pre-
dominantly hydrolyzed Aα chain of fibrinogen 
while prolonged incubation cleaved all subunits 
(Matsubara et al. 1998, 1999, 2000). Fibrinolytic 
enzymes from algae with their properties are 
listed in Table 15.2.

15.3.2.2  Microbial Thrombolytic 
Enzymes

Though fibrinolytic enzymes were reported from 
various sources, most of the fibrinolytic enzymes 
reported were from microbial sources. Few of the 
microbial producers includes fungi such as 
Aspergillus ochraceus (Batomunkueva and 
Egorov 2001), Fusarium pallidoroseum 
(El-Aassar 1995), Pleurotus ostreatus (Choi and 
Shin 1998), algae such as Codium sp. (Matsubara 
et al. 1998) and bacteria such as Streptomyces sp. 
(Wang et  al. 1999), Pseudomonas sp. (Wang 

Table 15.1 Fibrinolytic enzymes produced by plants and their characteristics

Organism Enzyme Type

Molecular weight, 
optimum temperature 
and pH Mode of action References

Euphorbia milii 
var. hislopii

Eumiliin Cysteine 
protease

30 kDa Preferentially cleaved Aα 
chain of fibrinogen

Fonseca et al. 
(2010)pH 8.0

Euphorbia cf. 
lactea

EuP-82 Serine 
protease

35 kDa (monomeric 
form)

Cleaved all subunits of 
human fibrinogen

Siritapetawee 
et al. (2015)

35 °C, pH 11
Euphorbia hirta Hirtin Serine 

protease
34 kDa Preferentially cleaved Aα 

chain of fibrinogen followed 
by Bβ and γ chains

Patel et al. 
(2012)50 °C, pH 7.2

Artocarpus 
heterophyllus

AMP- 48 Serine 
protease

48 kDa Preferentially cleaved α 
followed by partial 
hydrolysis of β and γ 
subunits

Siritapetawee 
et al. (2012)55–60 °C, pH 8
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et  al. 2009b), Staphylococcus (Gerheim 1948) 
and Bacillus sp. (Sumi et  al. 1987; Peng et  al. 
2003; Ko et  al. 2004). Major advantages of 
microbial enzymes are its ease of production, 
lesser bleeding complications, oral administra-
tion etc. (Goldhaber and Bounameaux 2001; 
Tough 2005). Past couple of decades witnessed 
the discovery of thrombolytic agents from numer-
ous microorganisms and this elicited the medical 
interest in development of better therapeutic 
agents from them with lesser or no side effects. 
Direct acting plasmin like fibrinolytic enzymes 
from microbial sources are discussed below.

Fungal Thrombolytic Enzymes
Fungi are rich source of proteolytic enzymes and 
some of them are having fibrinolytic potential 
too. Here we categorize fungus under microbial 
producers though micro and macro fungi are dis-
cussed. The ability of fungi to grow on solid sub-
strates such as agro-industrial waste residues 
made them more suitable for economic produc-
tion of fibinolytic enzymes. Aspergillus species 
are most widely occurring fungal group and few 
of them turn to be thrombolytic enzyme produc-
ers. Protease enzyme produced by Aspergillus 
ochraceus 513 was reported to have fibrinolytic 
potential and subsequent purification steps 
yielded a 36.5 kDa protease with both fibrinolytic 
as well as anticoagulant potential (Batomunkueva 
and Egorov 2001). Aspergillus oryzae KSK-3 
produced a 30 kDa serine protease with thrombo-
lytic potential. It remained stable upto tempera-
tures of up to 50 °C and pH ranging from 4 to 9 
(Shirasaka et  al. 2012). There are numerous 
reports of fungal fibrinolytic enzymes of fusar-
ium species (Tao et al. 1997, 1998). A thrombo-
lytic enzyme producing fungus Fusarium 

oxysporum was successfully grown on a solid 
substrate rice chaff (Tao et  al. 1997, 1998). 
Fusarium pallidoroseum produced a metallopro-
tease with plasmin like activities (El-Aassar 
1995). Fusarium BLB isolated from hibiscus leaf 
produced an alkaline serine protease with fibrino-
lytic potential. This 27 kDa protein exhibited pH 
tolerance and retained its activity between pH 2.5 
and 11.5 (Ueda et al. 2007). Fu-P is a fibrinolytic 
enzyme isolated from Fusarium sp. CPCC 
480097. It is a chymotrypsin like enzyme, with a 
molecular weight of 28 kDa and has high affinity 
towards α-chain but showing only low affinity 
towards β and γ chain during fibrinogenolysis 
(Wu et  al. 2009). Fungal strains such as 
Cochliobolus lunatus and Penicillium chrysoge-
num H9 were also reported to produce fibrino-
lytic enzymes (Abdel-Fattah and Ismail 1984; 
El-Aassar et al. 1990). Rhizopus chinensis-12 is 
another fungal producer, of a hydrosulfuryl- 
metalloprotease with fibrinolytic activity. The 
enzyme is a single polypeptide of 18 kDa accord-
ing to SDS-PAGE results and showed similar 
affinity towards α, β and γ chains of fibrinogen 
(Xiao-lan et al. 2005). Purification of a fibrino-
lytic metalloprotease was achieved from the 
mycelium of Perenniporia fraxinea. The 42 kDa 
protein thus obtained showed affinity towards 
α-chain of fibrin (Kim et al. 2008).

Thermophilic fungus Oidiodendron flavum 
produced a 22  kDa fibrinolytic enzyme which 
showed stability over a pH range of 6–11 and 
completely lost its activity at 70  °C (Tharwat 
2006). PTEFP is another fungal fibrinolytic 
enzyme extracted from Paecilomyces tenuipes. It 
is a serine protease with a molecular mass of 
14 kDa. PTEFP showed affinity towards Aα-chain 
only during fibrinogenolysis (Kim et al. 2011). A 

Table 15.2 Fibrinolytic enzymes produced by algae and their characteristics

Organism Enzyme Type
Molecular 
weight, and pH Mode of action References

Codium 
intricatum

CIP Serine 
protease

20 kDa Preferentially cleaved Aα chain 
followed Bβ and γ chains

Matsubara 
et al. (1998)pH 8–9

Codium latum CLP Serine 
protease

23 kDa Preferentially cleaved Aα chain 
followed Bβchain and γ chain to end

Matsubara 
et al. (1999)pH 10

Codium 
diaricatum

CDP Serine 
protease

31 kDa Cleaved Aα chain, very little affinity 
towards Bβchain and γ chain

Matsubara 
et al. (2000)pH 9
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52 kDa metalloprotease with fibrionolytic poten-
tial as well as anticoagulant activity was isolated 
from the mycelium of Ganoderma lucidum (Choi 
and Sa 2000). Properties of thrombolytics from 
fungi excluding those from mushrooms are given 
in Table 15.3.

Mushrooms are also known producers of 
thrombolytic enzymes including some edible 
mushrooms. Mushrooms belonging to the genus 
Cordyceps such as C. sinensis and C. militaris 
yield direct acting plasmin like fibrinolytic 
enzymes. C. sinensis produce a 31  kDa serine 
protease called CSP capable of hydrolyzing Aα 
chain of fibrinogen. C. militaris produced another 
fibrinolytic enzyme, CMase is with a molecular 
mass of 27.3 kDa and it is a metalloprotease (Li 
et  al. 2007; Cui et  al. 2008). Flammulina velu-
tipes proteases were reported having thrombo-

lytic potential. The organism produced FVP-I, a 
37  kDa metalloprotease showing higher degree 
of affinity for α-chain during fibrinolysis (Park 
et  al. 2007). Zn metalloprotease isolated from 
Pleurotus ostreatus dissolves fibrin as well as Bβ 
and γ chains of fibrinogen (Choi and Shin 1998) 
whereas Pleurotus eryngii produce a 14 kDa ser-
ine protease with specificity towards Aα-chain of 
fibrinogen during hydrolysis (Cha et  al. 2010). 
Medicinal mushroom Schizophyllum commune is 
also reported to have fibrinolytic activity. The 
enzyme isolated was a metalloprotease with a 
molecular mass of 18.2  kDa (Lu et  al. 2010a). 
Another metalloprotease enzyme, TSMEP1with 
fibrinolytic activity was isolated from fruiting 
bodies of Tricholoma saponaceum (Kim and 
Kim 2001). AMMP isolated from mycelium of 
Armillaria mellea is also a fibrinolytic metallpro-

Table 15.3 Fibrinolytic enzymes produced by fungi (excluding mushrooms) and their characteristics

Microorganism Enzyme Type

Molecular weight, 
optimum 
temperature and 
pH Mode of action References

Aspergillus 
ochraceus 513

– – 36.5 kDa – Batomunkueva 
and Egorov 
(2001)

Aspergillus 
oryzae KSK-3

– Serine protease 30 kDa – Shirasaka et al. 
(2012)50 °C, pH 6.0

Fusarium 
pallidoroseum

– Metalloprotease 40 °C, pH 7.0 – El-Aassar (1995)

Fusarium sp. 
BLB

– Serine protease 27 kDa – Ueda et al. (2007)
50 °C, pH 9.5

Fusarium sp. 
CPCC 480097

Fu-P Serine 
metalloprotease

28 kDa Cleaves α-chain 
fibrinogen, low affinity 
towards β and γ chain

Wu et al. (2009)
45 °C, pH 8.5

Cochliobolus 
lunatus

– – pH 6.98 – Abdel-Fattah and 
Ismail (1984)

Rhizopus 
chinensis-12

– Hydrosulfuryl- 
metalloprotease

18 kDa Similar affinity towards 
α, β and γ chains of 
fibrinogen

Xiao-lan et al. 
(2005)45 °C, pH 10.5

Perenniporia 
fraxinea

– Metalloprotease 42 kDa Cleaves α-chain of 
fibrinogen followed by 
β and γ chains

Kim et al. (2008)
35–40 °C, pH 6.0

Oidiodendron 
flavum

– – 22 kDa Tharwat 2006
45–55 °C, pH 8.0

Paecilomyces 
tenuipes

PTEFP Serine protease 14 kDa Quickly dissolved Aα 
chain of fibrinogen, no 
affinity towards β and γ  
chains

Kim et al. (2011)
35 °C, pH 5.0

Ganoderma 
lucidum

– Metalloprotease 52 kDa Cleaves Aα and Bβ 
chain of fibrinogen

Choi and Sa 
(2000)pH 7.0–7.5
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tease of 21 kDa (Lee et al. 2005). Fomitella frax-
inea is another fibrinolytic enzyme producer 
contributing two potential enzymes, a 32  kDa 
serine protease called FFP1 (F. fraxenia prote-
ases 1) and 42  kDa metalloprotease, FFP2 (F. 
fraxenia proteases 2) (Lee et  al. 2006). 
Lyophyllum shimeji, an edible mushroom, also 
has thrombolytic potential and the enzyme 
derived from it is 21 kDa serine protease which 
performs rapid Aα fibrinogenolysis, followed by 
Bβ and γ chain hydrolysis (Moon et  al. 2014). 
The enzymes with thrombolytic potential from 
mushrooms are shown in Table 15.4.

Bacterial Thrombolytic Enzymes
Bacteria are the major fibrinolytic enzyme pro-
ducers and they are the most preferred sources 
also. It is anticipated that bacterial proteins are 

suitable for oral administration (Sumi et al. 1990; 
Omura et al. 2004). Another advantage of bacte-
rial enzymes is ease for large scale production. 
Plasminogen activators such as streptokinase and 
staphylokinase of bacterial origin were previ-
ously discussed while a large number of direct 
acting plasmin like enzymes also were reported 
from bacterial sources.

From Bacillus sp.
Most of the bacterial producers belong to the 
genus Bacillus and nattokinase isolated from 
Bacillus sp. turned to be the most prospective 
fibrinolytic enzyme among them. Nattokinase 
was initially isolated from Bacillus subtilis natto 
(Sumi et al. 1987). Various other bacterial strains 
were also reported to produce nattokinase 
enzyme and it will be discussed separately later. 

Table 15.4 Fibrinolytic enzymes produced by fungi (mushrooms) and their characteristics

Microorganism Enzyme Type

Molecular weight, 
optimum temperature 
and pH Mode of action References

Cordyceps 
sinensis

CSP Serine protease 31 kDa Hydrolyses Aα chain of 
fibrinogen

Li et al. 
(2007)40 °C

pH 7.0
Cordyceps 
militaris

CMase Metalloprotease 27.3 kDa – Cui et al. 
(2008)25 °C, pH 6.0

Flammulina 
velutipes

FVP-I Metalloprotease 37 kDa Higher degree of affinity for 
α-chain followed by β and γ  
chain

Park et al. 
(2007)20–30 °C, pH 6.0

Pleurotus 
ostreatus

– Zn 
metalloprotease

12 kDa Cleaves aα, Bβ and γ chains 
of fibrinogen

Choi and 
Shin (1998)pH 7.5–8.0

Pleurotus 
eryngii

– Serine protease 14 kDa Specificity towards Aα-chain 
of fibrinogen followed by Bβ 
chain

Cha et al. 
(2010)40 °C, pH 5.0

Schizophyllum 
commune

– Metalloprotease 21.32 kDa Lu et al. 
(2010a)45 °C, pH 7.4

Tricholoma 
saponaceum

TSMEP1 Metalloprotease 18 kDa Cleaves Aα and Bβ chain of 
fibrinogen, no affinity for γ 
chain

Kim and 
Kim (2001)55 °C, pH 7.5

Armillaria 
mellea

AMMP Metallprotease 21 kDa Preferentially cleaved Aα 
chain

Lee et al. 
(2005)33 °C, pH 6.0

Fomitella 
fraxinea

FFP1 Serine protease 32 kDa Aα and Bβ chain of 
fibrinogen, no affinity for γ 
chain

Lee et al. 
(2006)40 °C, pH 10.0

Fomitella 
fraxinea

FFP2 Metalloprotease 42 kDa Aα chain and Bβ chain of 
fibrinogen

Lee et al. 
(2006)40 °C, pH 5.0

Lyophyllum 
shimeji

– Serine protease 21 kDa Preferentially cleaves Aα 
chain of fibrinogen, followed 
by Bβ and γ chain

Moon et al. 
(2014)37 °C pH 8.0
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Apart from Nattokinase several other fibrinolytic 
enzymes were isolated from Bacillus sp. 
Subtilisin QK1 and subtilisin QK2 are two serine 
fibrinoytic proteases having a molecular weight 
of 42 kDa and 28 kDa respectively, isolated from 
B. subtilis QK02 (Ko et al. 2004). Bafibrinase, a 
thrombolytic enzyme of 32.3 kDa is produced by 
Bacillus sp. strain AS-S20-I (Mukherjee et  al. 
2012) and a 31 kDa thrombolytic enzyme is pro-
duced by B. subtilis BK-17 (Jeong et al. 2001). 
Subtilisin BSF1 from Bacillus subtilis A26 and 
BAF1 produced by Bacillus amyloliquefaciens 
An6 are two serine proteases with molecular 
weight of 28 and 30 kDa respectively, both hav-
ing fibrinolytic potential (Agrebi et  al. 2009, 
2010). Thrombolytic activity along with plasmin-
ogen activation was exhibited by two proteolytic 
enzymes having molecular weight 29  kDa and 
29.5  kDa, produced by Bacillus halodurans 
IND18 and Bacillus cereus IND1 respectively 
(Vijayaraghavan et  al. 2016b; Vijayaraghavan 
and Vincent 2014). A 20.5 kDa metalloprotease 
was purified from Bacillus subtilis K42 which 
also showed fibrinolytic as well as anticoagulant 
potential (Hassanein et al. 2011). URAK enzyme 
produced by Bacillus cereus NK1 (Deepak et al. 
2010) and bacillopeptidase DJ-2 (bpDJ-2) from 
Bacillus sp. DJ-2 are two other thrombolytic 
enzymes from the Bacillus species (Choi et  al. 
2005). A few fibrinolytic enzymes with their 
properties are summarized in Table 15.5.

From Streptomyces sp.
Second largest genus of bacterial fibrinolytic 
enzyme producers is Streptomyces. Thermophilic 
Streptomyces megasporus strain SD5 produced a 
chymotrypsin-like serine peptidase of molecular 
weight 35 KDa with fibrinolytic potential (Chitte 
and Dey 2000). Another member of the genus, 
Streptomyces omiyaensis yielded a thrombolytic 
serine protease, SOT (Uesugi et al. 2011). Low 
molecular weight serine metalloprotease of 
18 kDa has been isolated from Streptomyces sp. 
CS624 and named as FES624. It quickly dis-
solved Aα, Bβ and γ chain of fibrinogen (Mander 
et al. 2011), whereas a 20 kDa fibrinolytic serine 
protease SFE1 of Streptomyces sp. XZNUM 
00004 showed preference towards Aα chain (Ju 

et al. 2012). FP84 is another Streptomyces derived 
fibrinolytic enzyme with a molecular weight of 
35 kDa contributed by Streptomyces sp. CS684. 
It is a serine metalloprotease with affinity towards 
Bβ chain during fibrinogenolysis (Simkhada 
et al. 2010). SW-1 is a fibrinolytic enzyme iso-
lated from Streptomyces sp. Y405 and it was 
found to be a 30 kDa serine metallo protease with 
a lysine binding site (Wang et al. 1999). FSP3, a 
44  kDa serine protease was extracted from 
Streptomyces sp. P3. It is direct acting thrombo-
lytic serine protease which also acts as plasmino-
gen activator (Cheng et al. 2015). Streptomyces 
sp. DPUA 1576 produced a fibrinolytic serine 
protease of 39  kDa that could digest Aα-chain, 
Bβ-chain, and γ-chain during fibrinogenolysis 
(Silva et  al. 2016). A few fibrinolytic enzymes 
from actinomycetes with their properties are 
summarized in Table 15.6.

Other Bacterial Fibrinolytic Enzyme Producers
Various bacterial species excluding Bacillus sp. 
and Streptomyces sp. are also reported to produce 
fibrinolytic enzymes although those two genera 
contribute most of the fibrinolytic enzymes 
 discovered so far. A 63.3 kDa serine protease was 
isolated from Paenibacillus polymyxa EJS-3 
named PPFE-I. It was found dissolving Aα-chain 
of fibrinogen quickly and subsequently Bβ-chain 
and followed by γ-chain during fibrinogenolysis 
(Lu et al. 2010b). Paenibacillus sp. IND8 is also 
known to produce fibrinolytic enzyme 
(Vijayaraghavan et al. 2016a). A 50 kDa metal-
loprotease with thrombolytic effect was reported 
from Serratia sp. RSPB11 and Serratia sp. 
KG-2-1 (Lakshmi and Prakasham 2013; Taneja 
et  al. 2017). Another fibrinolytic enzyme pro-
ducer is Shewanella sp. IND20 which contrib-
uted a 55.5  kDa thrombolytic enzyme 
(Vijayaraghavan and Vincent 2015). 
Psuedoalteromonas sp. IND11 yielded a 64 kDa 
protease which acted as plasminogen activator 
and disintegrated blood clot directly 
(Vijayaraghavan et al. 2015). Treponema dentic-
ola also reported with thrombolytic enzyme pro-
duction (Rosen et al. 1994). Fibrinolytic enzyme 
from Proteus penneri showed higher affinity 
towards α-chain followed by β-chain, showing 
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Table 15.5 Fibrinolytic enzymes produced by Bacteria (Bacillus sp.) and their characteristics

Microorganism Enzyme Type

Molecular 
weight, 
optimum 
temperature 
and pH Mode of action References

Bacillus subtilis 
HK176

AprE 176 Serine 
metalloprotease

27 kDa Rapid dissolution 
of Aα chain 
followed by Bβ 
of fibrinogen

Jeong et al. 
(2015)40 °C

pH 8.0

B. subtilis CH3-5 Apr E2 Serine protease 29 kDa Rapid dissolution 
of Aα and Bβ 
chains of 
fibrinogen only

Jeong et al. 
(2014)40 °C,

pH 7.0

Bacillus subtilis 
natto

Nattokinase (NK) Serine protease 27.7 kDa Sumi et al. 
(1987)

Bacillus subtilis 
QK02

Subtilisin QK1 Serine protease 42 kDa Readily 
hydrolyzed Aα 
and Bβ and γ 
chains of fibrin

Ko et al. (2004)

Bacillus subtilis 
QK02

Subtilisin QK2 Serine protease 28 kDa Readily 
hydrolyzed Aα 
and Bβ and γ  
chains of fibrin

Ko et al. (2004)
55 °C
pH 8.5

Bacillus sp. strain 
AS-S20-I

Bafibrinase Serine protease 32.3 kDa Preferentially 
cleaved Aα and 
Bβ chains of 
fibrinogen

Mukherjee et al. 
(2012)37 °C

pH 7.4

Bacillus subtilis 
BK-17

Bacillokinase 
(BK)

Serine protease 31 kDa Jeong et al. 
(2001)

50 °C Bek et al. (2005)
pH 7.0–8.0

Bacillus subtilis 
A26

Subtilisin BSF1 Serine protease 28 kDa Agrebi et al. 
(2009)60 °C

pH 9.0
Bacillus 
amyloliquefaciens 
An6

BAF1 Serine protease 30 kDa Agrebi et al. 
(2010)60 °C

pH 9.0
Bacillus 
halodurans IND18

– – 29.5 kDa Vijayaraghavan 
et al. (2016b)60 °C

pH 9.0
Bacillus cereus 
IND1

– – 29.5 kDa Vijayaraghavan 
and Vincent 
(2014)

60 °C
pH 8.0

Bacillus subtilis 
K42

K42 Metalloprotease 20.5 kDa Hassanein et al. 
(2011)40 °C

pH 9.4
Bacillus cereus 
NK1

URAK – 46 kDa Deepak et al. 
(2010)

Bacillus sp. DJ-2 Bacillopeptidase 
DJ-2 (bpDJ-2)

Serine protease 42 kDa Choi et al. 
(2005)60 °C

pH 9
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lower affinity towards γ-chain. It leaves partially 
hydrolyzed γ-chain after fibrinolysis (Jhample 
et al. 2015). Nattokinase enzyme production was 
reported from Pseudomonas sp. TKU015 with 
molecular weight of 24 kDa as determined by gel 
filtration chromatography (Wang et  al. 2009b). 
Bacterial fibrinolytic enzymes other than those 
from Bacillus sp. and actinomycetes are shown in 
Table 15.7.

Nattokinase (NK) Subtilisin NAT
Fibrinolytic activity of Japanese fermented food 
natto was first described by Sumi and team. The 
enzyme extracted was termed nattokinase (Sumi 
et al. 1987). Subsequent years witnessed studies 
leading to the characterization and functional 
analysis of the enzyme (Sumi et al. 1990). Later, 
nattokinase production was achieved from vari-
ous bacterial strains. A few among them are 
Bacillus subtilis isolated from Thua nao a fer-
mented food of Thailand (Inatsu et  al. 2006), 
Bacillus subtilis ICTF-1 isolated from marine 
sources (Mahajan et  al. 2012), Bacillus subtilis 
1A752 (Deepak et  al. 2008) and Pseudomonas 
sp. TKU015 (Wang et  al. 2009b). Nattokinase 

(EC 3.4.21.62) belongs to subtilisin family and 
also known as subtilisin NAT. It was derived from 
Bacillus subtilis natto encoded by apr N gene 
(Nakamura et al. 1992). It is a 27 kDa serine pro-
tease devoid of cysteine and hence lacking disul-
fide bonds (Fujita et al. 1993; Wang et al. 2009a). 
Fibrinolysis by nattokinase is achieved by differ-
ent ways. In vivo studies involving oral adminis-
tration of nattokinase or natto showed slight 
enhancement in plasma fibrinolysis, thus it turned 
to be direct acting fibrinolyic enzyme. Apart from 
this, another important factor aiding fibrinolysis 
is that the enzyme degrades plasminogen activa-
tor inhibitor-1(PAI-1). Also it increases the pro-
duction of plasminogen activators and there by 
aiding plasmin formation (Sumi et  al. 1990; 
Urano et al. 2001). Hence, it leads to combined 
fibrinolysis, by NK and plasmin. NK shows more 
specificity towards cross-linked fibrin and less 
affinity towards fibrinogen (Fujita et al. 1995c). 
NK shares immense homology with other subtili-
sins such as subtilisin E (99.5%) and subtilisin J 
(99.3%) (Kurosawa et  al. 2015), but it exhibits 
higher substrate specificity towards fibrin in com-
parison with other subtilisins, making it more 

Table 15.6 Fibrinolytic enzymes produced by Streptomyces sp. and their characteristics

Microorganism Enzyme Type

Molecular weight, 
optimum 
temperature and pH Mode of action References

Streptomyces sp. 
Y405

SW-1 Serine 
metalloprotease

30 kDa – Wang et al. 
(1999)pH 8.0

Streptomyces 
megasporus strain 
SD5

– Serine protease 35 kDa Chitte and 
Dey (2000)

Streptomyces sp. 
CS684

FP84 Serine 
metalloprotease

35 kDa Preference towards Bβ chain 
of fibrinogen

Simkhada 
et al. (2010)45 °C, pH 

7.0–8.0
Streptomyces 
omiyaensis

SOT Serine protease 23 kDa – Uesugi 
et al. (2011)

Streptomyces sp. 
CS624

FES624 Serine 
metalloprotease

18 kDa Rapid dissolution of Aα, Bβ 
and γ chain of fibrinogen

Mander 
et al. (2011)60 °C, pH 7.0

Streptomyces sp. 
XZNUM 00004

SFE1 Serine protease 20 kDa Preferentially cleaved Aα 
chain of fibrinogen followed 
Bβ-chain and γ-chain at the 
end

Ju et al. 
(2012)35 °C, pH 7.8

Streptomyces sp. 
P3

FSP3 Serine protease 44 kDa – Cheng et al. 
(2015)50 °C, pH 6.5

Streptomyces sp. 
DPUA 1576

– Serine protease 39 kDa Cleaved Aα, Bβ, and 
γ-chains of fibrinogen

Silva et al. 
(2016)45 °C, pH 7.5
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suitable for therapeutic applications (Peng et al. 
2005). In vitro studies substantiated that NK is a 
superior thrombolytic enzyme and six times more 
active than plasmin (Fujita et al. 1995c). NK is 
the only microbial fibrinolytic therapeutic 
enzyme whose in  vivo studies have been con-
ducted in the best possible manner. Early in vivo 
studies involving dogs showed that after oral 
administration, complete clot dissolution was 
achieved within 5  h and blood circulation was 
restored (Sumi et al. 1990). Another study proved 
that after intraduodenal administration, NK was 
transported across intestinal tract of rat and 
plasma fibrinogen was hydrolyzed thereafter 
(Fujita et al. 1995b). On a molar basis, NK was 
found to be more effective in clot lysis and resto-
ration of arterial blood flow in comparison with 
plasmin and elastase (Fujita et  al. 1995a). NK 
prevented platelet aggregation, along with reduc-
tion in euglobulin clot lysis time (ECLT) and 
extension of partial thromboplastin time (PATT) 
upon its oral administration in rats (Park et  al. 
2012). Clinical trials were performed on three 
groups viz. healthy group, cardiovascular group 
(patients with cardiovascular risk factors), and 
dialysis group (patients undergoing dialysis) and 
showed that NK reduced fibrinogen, factor VII, 
and factor VIII in plasma without affecting the 
blood lipids (Hsia et  al. 2009). Trials involving 
healthy volunteers in Japan proved that fibrinoly-
sis and anti-coagulation was considerably 
enhanced by single-dose of NK administration 
(Kurosawa et al. 2015). Effect of nattokinase on 
North American hypertensive population showed 
that its consumption reduced blood pressure and 
von Willebrand factor (Jensen et al. 2016). NK is 
under Phase II clinical trial study in the USA for 
its competence in inhibiting atherothrombosis 
(Weng et  al. 2017). Improvement of NK as a 
fibrinolytic as well as antithrombotic drug that 
could significantly recover blood circulation is 
highly anticipated.

Serrapeptase/Serralysin
Serrapeptase (SP) also known as serralysin is a 
proteolytic enzyme derived from enterobacte-
rium Serratia E-15, isolated from silkworm 
Bombyx mori (Miyata et al. 1970). It comprises 

of 470 amino acids with a molecular weight of 
approximately 50  kDa (Nakahama et  al. 1986) 
and is a metalloprotease with zinc ion, essential 
for its activity (Miyata et al. 1971). Later, it was 
identified from various species of Serratia, 
Xenorhabdus, Pseudomonas etc. (Massaoud 
et  al. 2011; Wu et  al. 2016; Lakshmi and 
Prakasham 2013; Louis et al. 1998). It has been 
used as an anti-inflammatory agent from 1960s. 
Because of the anti-inflammatory properties 
along with anti-edemic and analgesic properties, 
SP frequently finds its application in surgery, 
gynaecology, orthopedics etc. Also, the enzyme 
shows fibrinolytic potential making it suitable for 
treatment of atherosclerosis (Bhagat et al. 2013). 
It can dissolve only dead and damaged tissue 
without damaging the living tissue. Thus, removal 
of deposits from the arteries such as cholesterol, 
fatty substances, cellular waste products etc. can 
be achieved by SP. Elimination of atherosclerotic 
plaques and blood thinning along with clot dis-
solution also can be achieved by the enzyme 
(Kotb 2013). An in vitro study indicated serraly-
sin from Serratia sp. RSPB11 as a direct acting 
thrombolytic agent and shown to be more active 
than plasmin (Lakshmi and Prakasham 2013). In 
vivo studies proved intestinal absorption of ser-
rapeptase upon oral administration and it 
remained in blood stream in active form (Moriya 
et al. 1994). Rare cases of pneumonitis have been 
reported as side effects associated with use of SP 
(Hirahara et al. 1989; Sasaki et al. 2000). Apart 
from that, not much information is available on 
its side effects ever since the literatures are avail-
able as monographs from pharmaceutical compa-
nies. SP has been studied extensively for its 
anti-inflammatory properties. However, regard-
ing its thrombolytic potential in vivo studies or 
trials have not been conducted.

15.4  Conclusion

During their development thrombolytic enzymes 
have gone through many phases since the discov-
ery streptokinase. Both plasminogen activators 
and plasmin like enzymes were reported with its 
advantages and disadvantages. More and more 
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thrombolytic enzymes have been discovered 
from microbial sources in recent times. In spite 
of all these developments a thrombolytic enzyme 
without any serious adverse effects such as bleed-
ing complications, suitable for bolus administra-
tion and also has lower production cost is not in 
use currently. For the past few decades recombi-
nant DNA technology has been emerged as a 
powerful tool in genetic manipulation and can be 
used for the development of thrombolytic 
enzymes without systemic bleeding and improved 
circulation time. Chimeric enzymes (fusion pro-
teins) with improved properties can be achieved 
through cloning and expression. With cutting 
edge technologies, therapeutic enzymes for car-
diovascular disease management are expecting 
new avenues.
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