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Abstract

Protein therapeutics have gained momentum in recent years and become a pillar in treating
many diseases and the only choice in several ailments. Protein therapeutics are highly specific,
tunable and less toxic than conventional small molecules. However, reaping the full benefits
of therapeutic proteins in the clinics is often hindered by issues of immunogenicity and short
half-life due essentially to fast renal clearance and enzymatic degradation. Advances in
polymer chemistry and protein engineering allowed overcoming some of these limitations.
Strategies to prolong the half-life of proteins rely on increasing their size and stability and/or
fusing them to endogenous proteins (albumin, Fc fragment of antibody) to hijack physiological
pathways involved in protein recycling. On the downside, these modifications might alter
therapeutic proteins structure and function. Therefore, a compromise between half-life and
activity is sought. This review covers half-life extension strategies using natural and synthetic
polymers as well as fusion to other proteins and sheds light on genetic engineering strategies
and chemical and enzymatic reactions to achieve this goal. Promising strategies and successful

applications in the clinics are highlighted.
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Graphical abstract: In the last decades, breakthroughs in protein engineering strategies have
revolutionized the development of long-acting medicines. Conjugation of polymers,
polypeptides, Fc antibody fragments or human serum albumin to a parent therapeutic protein

increases its half-life and modulate protein biological activity.
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mAbs: Monoclonal antibodies

MP: Metalloproteinase

NHS: N-hydroxysuccinimide

NTA: Ni-nitrilotriacetic acid
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PD: Pharmacodynamic

PEG: Polyethylene glycol

PET: Positron emission tomography
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SA: Serum albumin
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TCO: Trans-cyclooctene

TfR: Transferrin receptor

TNF: Tumour necrosis factor
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VNARs: Variable domain of new antigen receptors
VWEF: Von Willebrand factor
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XPAT: XTENylated protease-activated T Cell Engager
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1. Introduction

Since the market introduction of recombinant human insulin in 1982, biopharmaceuticals
have gained momentum. More than 200 protein therapeutics are currently on the market and
above 1,000 are in clinical development.[!! Antibodies continue to largely dominate
biopharmaceutical approvals because their clinical applications are multiple in a wide range
of diseases including cancer, cardiovascular disease, organ transplantation, autoimmunity,
inflammation, and infection. Protein therapeutics present several advantages over small
molecule drugs.[?! Proteins serve a highly specific and complex set of physiological functions
that cannot be mimicked by simple chemical compounds. Since the action of proteins is highly
specific, they barely interfere with normal biological processes and cause less adverse events.
Protein therapeutics are frequently derived from proteins naturally produced by the body.

These agents are therefore often well tolerated and poorly immunogenic.

However, proteins also suffer from significant limitations. Proteins with a molecular weight
below the threshold for kidney filtration (67 kDa, the size of human serum albumin) are
cleared from the systemic circulation within a day. Many proteins are even cleared within a
few hours or a few minutes when metabolism contributes to elimination. Therefore,
therapeutic proteins need to be injected to patients several times a week (e.g., erythropoietin)
or even several times a day (e.g., glucagon-like peptide-1 or GLP-1), resulting in peaks and
valleys in plasma concentrations with the alternate risks of systemic side effects and
suboptimal therapeutic concentrations. Moreover, frequent administration of medication
causes patient discomfort and reduces quality of life. A second limitation of proteins lies in
protein immunogenicity. Foreign proteins from prokaryotes or animals might present
interesting therapeutic properties in humans. However, intrinsic immunogenicity of non-
human proteins hampers their therapeutic use in the clinic because specific antibodies
generated against the foreign protein neutralize its activity and result in a loss of therapeutic
efficacy over time. The unwanted immune response might even cause more serious general

immune effects such as anaphylaxis.

Over the last three decades, protein engineering has largely demonstrated that it can provide
solutions to the limitations of natural proteins. Breakthroughs in the field led to the
development of biobetters, i.e., conjugated or modified proteins with improved properties

and modular functions over the original biologic. In particular, since the nineties, dozens of



biobetters with an improved pharmacokinetic profile have been approved for clinical use.
Adagen®, the first biobetter marketed in 1990, is a chemical conjugate between bovine
adenosine deaminase and polyethylene glycol (PEG). It is used for enzyme replacement
therapy in severe combined immunodeficiency disease associated with a deficiency of
adenosine deaminase. The about fifteen PEG chains attached to bovine adenosine deaminase
decrease its immunogenicity and impart an elimination half-life of 5 days to the protein. This
PEGylation strategy has then been applied to many other proteins with the main goal to place
protein molecular weight above the threshold for kidney filtration and protect the protein
from catabolism, thereby increasing serum half-life. Another major breakthrough has come
from the discovery of the FcRn-mediated recycling pathway taken by immunoglobulins G
(IgGs) and serum albumin (SA). IgGs and SA are internalized in endosomes of endothelial cells
where they are protected from degradation by binding FcRn. Recycling through FcRn
interactions result in the long serum half-lives of IgGs and SA and these serum proteins have
been attached to many unrelated therapeutic proteins to increase their half-life. For instance,
Albiglutide, marketed in 2013, is a fusion protein between a peptidase-resistant GLP 1 analog
and SA. Albiglutide exhibits an extended half-life (5 days) compared with native GLP-1 (3

minutes).[3!

This review will detail the different protein engineering strategies that have been harnessed
to extend protein half-life in the systemic circulation. These approaches comprise the
preparation of polymer—protein conjugates and the exploitation of the long half-lives of 1gGs
and SA. In addition to PEGylation, XTENylation, PASylation and ELPylation have emerged.
XTEN, PAS and ELP are natively disordered polypeptide polymers that have been used as
alternatives to PEG. Polypeptide polymers offer the advantages of biodegradability and
recombinant production as a single fusion product over PEG. IgG and SA have been used to
prolong the half-life of proteins either by fusing the therapeutic protein to a FcRn binding
protein (Fc domain of an 1gG or SA) or, by conjugating the therapeutic protein to a molecule
which non-covalently binds to SA. To end, this review will thoroughly describe the chemical
and chemo-enzymatic methods used to modify proteins and graft peptide or prosthetic

groups to them.



2. Polymer-protein conjugates

One of the best and widely investigated approaches to prolong serum half-life relies on the
conjugation of highly soluble non-toxic polymers to bioactive proteins.l*! Polymer-protein
conjugates present an increased hydrodynamic diameter impeding their clearance via kidney
glomeruli filtration. Among polymers, PEG has been the first and most used, resulting in the
commercialization of more than 15 biobetters (Table 1) and several others are still in clinical
development. Yet, to overcome the non-biodegradability property of PEG, polypeptides have

recently emerged as alternatives.

2.1. PEG
In 1977, the group of Frank Davis published a seminal scientific article on the impact of
conjugation to PEG on the immunogenicity and blood circulating life of bovine liver catalase.
The initial goal of Davis was to minimize or eliminate the immunogenicity of therapeutic
enzymes from non-human sources by covering antigenic determinants by a linear, flexible,
uncharged and hydrophilic polymer. Thus, bovine liver catalase was randomly conjugated to
1.9 or 5 kDa PEG on its lysine residues. PEGylation of catalase was shown to decrease catalase-
specific antibody production following injection in rabbits and to decrease the recognition of
the protein by catalase-specific antibodies. The authors additionally observed that PEGylation
greatly protected catalase from proteolysis and significantly prolonged its blood half-life in the

rabbit.

2.1.1. The polymer

PEG is a linear or branched polyether with hydroxyl end groups with the general structure:
HO-(CH,CH,0)n-CH2CH>-OH.1®] Monomethoxy PEG, mPEG, CH30-(CH,CH,0)n,-CH2CH»-OH, is
the most used for protein modification because its unique reactive group results in one-site
attachment on the protein. PEG can present a wide range of molecular weights and some
polydispersity (Mw/Mn is approximately 1.1), which is a drawback as it leads to undesired
polydispersity of the conjugates. PEG is a neutral and amphiphilic polymer. The repeated
ethylene moiety along the PEG chain is responsible for the polymer hydrophobicity, whereas
the oxygen confers strong interactions with water: three water molecules are bound per
monomer unit. Therefore, PEG is soluble in both organic and agueous media and is highly
hydrated. The carbon-carbon and carbon-oxygen bonds offer high flexibility to the whole

polymer. The high mobility and hydration of PEG lead to a large and very effective exclusion



volume of approaching molecules. Accordingly, the polymer has a hydrodynamic volume five

to ten times higher than that of a globular protein of the equivalent molecular weight.!”]

2.1.2. Immunogenicity

The repeated administration of therapeutic proteins can be highly immunogenic, especially in
case of foreign proteins but also in case of human proteins. For instance, Vaisman et al.
reported that chimeric monoclonal antibodies exhibited immunogenicity in up to 70% of
patients and fully human monoclonal antibodies in up to 30%.!®! Protein immunogenicity
generates anti-protein antibodies which can neutralize the therapeutic activity of the protein

and cause allergic reactions.

PEGylation is able to decrease the immunogenicity of therapeutic proteins. Accordingly,
PEGylation demonstrated a tremendous success and brought to market several proteins of
non-human origin which might have never reached it as unconjugated versions due to their
intrinsic immunogenicity. This is the case of Pegademase and its new recombinant version
Elapegademase, Pegasparagase and its new longer-acting version Calasparagase pegol, and
Pegvaliase. All these PEGylated proteins are enzymes from either prokaryotes (E. coli) or
animals (beef, pig; Table 1). These are mainly used as enzyme replacement therapies in

inherited enzyme deficiencies but also as a therapeutic treatment in leukemia.

Asparaginase is a critical component in the treatment of acute lymphoblastic leukemia.l®!
Asparaginase hydrolyzes the amino acid L-asparagine to L-aspartic acid and ammonia. L-
asparagine is synthesized in most human tissues from L-glutamine. However, acute
lymphoblastic leukemia cells have very low levels of asparagine synthase and asparagine
depletion causes their apoptosis. Asparaginase extracted from E. coli was approved by the
FDA in 1978 and then withdrawn in 2012. Hypersensitivity was the most common adverse
reaction to E. coli asparaginase and it occurred in up to one third of patients. Pegaspargase
has been FDA-approved in 1994 and is the primary form of asparaginase in clinical use today.
Pegaspargase shows a rate of allergic reactions of only 10% in naive patients.!'®! PEGylation of
asparaginase involves the random attachment of approximately 50 PEG chains of 5 kDa to its
lysine residues and PEGylation increases asparaginase half-life from 24 h (unconjugated
protein) to 5.5 days (Pegaspargase) and 13.5 days (Calasparagase pegol).l'!l Calaspargase
pegol uses the identical enzyme and polyethylene glycol moieties present in Pegaspargase.

However, the succinimidyl carbamate linker used in Calaspargase pegol is more hydrolytically
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stable than the succinimidyl succinate linker used in Pegaspargase which results in a longer

half-life.

Pegademase bovine is an adenosine deaminase derived from bovine intestine and conjugated
to 11 to 17 chains of 5 kDa PEG. Pegademase does not induce hypersensitivity reactions.
However, there have been reports on neutralizing antibodies. In a clinical trial, two out of 17
patients showed an enhanced rate of clearance of plasma adenosine deaminase activity after
4 months of therapy.?l Enhanced clearance was correlated with the appearance of an
antibody that directly inhibited both the activity of unmodified adenosine deaminase and
pegademase. Patients who previously received pegademase bovine may present antibodies
to Elapegademase, a recombinant bovine adenosine deaminase manufactured in E. coli.
Therefore, thorough plasma adenosine deaminase activity is monitored in patients for any

persistent activity decline.

Pegvaliase is a PEGylated recombinant phenylalanine ammonia lyase derived from the
cyanobacterium Anabaena variabilis and expressed in E. coli. Pegvaliase converts
phenylalanine to ammonia and trans-cinnamic acid, and is indicated for the treatment of
patients with phenylketonuria who have inadequate blood phenylalanine control. Although
the enzyme is protected by 28 to 44 PEG chains of 20 kDa each, hypersensitivity reactions have
been reported in 75% of patients treated with Pegvaliase and the acute systemic Type Il
(immune complex mediated) hypersensitivity reaction has been the most clinically significant
and reached 6% of the patients. All patients treated with Pegvaliase developed a sustained
anti-phenylalanine ammonia lyase and anti-PEG IgM and IgG response. Because antibodies
bind to the PEG portion of Pegvaliase, binding with other PEGylated therapeutics and
increased hypersensitivity to other PEGylated injectables might occur. Neutralizing antibodies
capable of inhibiting the enzyme activity were detected in the majority of patients. Patients
with higher antibody titers required higher doses to overcome clearance and achieve blood

phenylalanine reduction.

The attachment of several small PEG chains to a protein better decreases its immunogenicity
than the attachment of one large PEG chain because several PEG chains more widely shield
the protein surface.'® This PEGylation strategy has been followed in all the examples

presented above. It is just the opposite approach to the one used to preserve protein activity

11



and only prolongs serum half-life where the conjugation to a unique large PEG chain on the

protein side opposite to the active site is sought.

2.1.3. Prolongation of serum half-life and residence time in the lungs

PEGylation of fully human proteins aims to increase their serum half-life and thereby increase
patient convenience by decreasing administration frequency. The serum half-life of proteins
can increase up to 20-fold following PEGylation. For instance, Certolizumab pegol, a Fab
antibody fragment conjugated to a 2-armed 40 kDa PEG in C-terminal, exhibits an elimination
half-life of 14 days while unconjugated Fab antibody fragments show a half-life of 12-20 h.114
The attachment of a PEG chain to a protein places its molecular weight above the threshold
for kidney filtration and reduces renal clearance. In addition, PEG attachment to
biopharmaceuticals can protect them from proteolysis. The half-lives of PEGylated protein
conjugates increase with the molecular weight of the PEG and with the number of conjugated

PEG chains.[13!

More recently, PEGylation has been shown to prolong the residence time of protein
therapeutics in the lungs and to improve their local therapeutic efficacy in preclinical models
of respiratory diseases.['®! PEGylation of recombinant human alphal-antitrypsine with a 20
kDa PEG sustained the presence of the conjugate in the lungs of mice for 48 h, whereas the
non-PEGylated counterpart was cleared within 24 h.l’7l Recombinant human alphal-
antitrypsin conjugated to 20 kDa PEG protected mice against human leukocyte elastase-
induced lung hemorrhage and the protection was sustained for 72 h. PEGylation of an anti-IL-
17A Fab’ antibody fragment with 2-armed 40 kDa PEG increased its residence time in the lungs
of mice, rats and rabbits to more than 48 h while the unconjugated Fab’ was cleared from the
lungs within 24 h.['8) The prolonged pulmonary residency of the anti-IL-17A PEGylated
antibody fragment translated in an improved efficacy in reducing lung inflammation in a
murine model of house dust mite-induced lung inflammation.® Conjugation of PEG to
recombinant human deoxyribonuclease | (rhDNase) resulted in an impressive extension of its
residence time (> 15 days) in the murine lungs.[?l Moreover, one single dose of PEGylated
rhDNase was as effective as 1 daily dose of unconjugated rhDNase during 5 days in decreasing
the DNA content in the lungs of B-ENaC mice, a model of the cystic fibrosis lung disease. The
lack of marketed PEGylated proteins for pulmonary delivery reflects the paucity of approved

proteins for inhalation in the first place. However, in 2020, Bayer has initiated a phase 2 clinical
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trial on an inhaled PEGylated peptide (PEGylated adrenomedullin or BAY1097761) for the

treatment of acute respiratory distress syndrome (NCT04417036).

Several mechanisms might explain the sustained retention of PEGylated proteins within the
lungs. The increase in molecular size decreases the protein transport across the alveolar-
capillary barrier towards the systemic circulation. The steric hindrance created by PEG chains
on the protein surface prevents proteases from degrading the protein.[?!l Finally, the
hydrophilic nature of PEG decreases protein interactions with the cell membrane and thereby,

decreases protein endocytosis by epithelial cells and alveolar macrophages.[??!

2.1.4. Biological activity and impact on protein stability

PEGylation might result in a partial loss of the biological activity of the therapeutic protein. In
order to avoid a reduction in biological activity, the PEGylation site should be distant from the
active site. Indeed, the active site of the protein may be masked due to the steric hindrance
of PEG. Accordingly, site-specific addition of 5 kDa-PEG to tumor necrosis factor resulted in a
20% decrease in the activity of the cytokine while random PEGylation led to a 90% activity
loss.[23] In spite of reduced activity, several PEG-protein conjugates for injection are
commercially available because of the tremendous increase in serum half-life. For instance,
Pegasys® (40 kDa PEG-IFNa2a) only retains 7% of the wild-type interferon activity and is on

the market since 2002.24

All marketed PEG-protein conjugates delivered by injection (Table 1) involve a permanent
covalent link between the polymer chain and the protein and the PEGylated construct is the
active entity. In contrast to conventional permanent PEGylation, a new technology called
TransCon is currently developed by Ascendis Pharma where the PEG-protein conjugates are
inactive prodrugs.?® Accordingly, the protein is transiently bound to a four-arm 40 kDa PEG
and the steric hindrance created by the polymer inactivates the protein. With the hydrolysis
of the TransCon linker, the unmodified protein is gradually released in the body. The
advantages of this technology are easily highlighted by presenting Ascendis Pharma flagship
product, TransCon hGH for which a market authorization application has been submitted. [2°!
Human growth hormone (hGH) replacement therapy needs to achieve the same tissue
distribution and receptor activation as endogenous hGH because hGH receptors are in
essentially all tissues. Restricted access of protein-enlarged human GH into peripheral tissues

led to unexpected outcome such as injection site lipoatrophy and to discontinuation of the
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development of a permanently-PEGylated hGH. TransCon hGH leverages the known
pharmacology and distribution of unmodified hGH with the properties of an inert PEG carrier
molecule and avoids imbalances in organ distribution. It allows once-weekly dosing and will
ease the lives of patients with hGH deficiency. TransCon PTH and TransCon C-type Natriuretic

Peptide are other prodrug therapies in development by Ascendis Pharma.[?)

No critical changes to protein secondary and tertiary structures have been noted following
PEGylation.[?”] PEGylation generally increases the stability of proteins to aggregation. For
instance, a Fab’ antibody fragment conjugated to two PEG chains of 30 kDa presented higher
resistance to protein aggregation than the unconjugated Fab’ when exposed to heat and
agitation.[?8] The steric hindrance created by PEG likely prevents the association of unfolded
proteins. However, there are cases where the propensity to aggregation increased.l?’?] The
number and size of the PEG chains as well as the type of the conjugation link can affect protein

stability.[272 291

2.1.5. Safety

Small molecular weight PEGs (< 10 kDa) are common excipients in oral, intravenous, nasal and
inhalation formulations. However, larger PEGs (up to 40 kDa) are used in PEGylated protein
therapeutics. PEG is non-biodegradable and its primary clearance mechanism is renal
excretion of the intact molecule. Yet, above 30 kDa-PEG, renal ultrafiltration is markedly

reduced and liver uptake and excretion through the bile take over.[3%

PEG is generally considered to have low toxicity whatever its molecular weight and route of
administration. Complement activation and impact on coagulation have been observed at
very high PEG concentrations (1-40 mg/mL).[3Yl However, these concentrations are largely
exceeding the plasma concentrations reached after injection of PEGylated protein

therapeutics that are rather in the ng to ug range.

Ivens et al. reviewed the preclinical safety data collected on PEGylated protein therapeutics
administered by injection currently on the market.!3?! Adverse effects observed in preclinical
studies were usually related to the pharmacologically active drug component of the molecule,
rather than to the PEG moiety. Cellular vacuolation in certain tissues and cell types has been
observed for approximately half of the approved PEGylated drugs. Vacuolation was seen most

frequently in macrophages. Cytoplasmic vacuolation probably reflects the body’s normal
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response to clear a foreign non-biodegradable body. No functional changes related to PEG for
organs and tissues where cellular vacuolation was seen have been reported. Vacuolation was
absent below a certain dose of PEG per month (0.4 pmol/kg/month) and it has been observed
for PEG molecular weight of at least 30 kDa. Vacuolation was reversible provided sufficient

recovery time was allowed.

PEG has been considered as a non-antigenic and non-immunogenic component. However, a
number of reports have documented the presence of anti-PEG antibodies, such as I1gG and
IgM, following repeated injections of PEGylated proteins in the clinic (see above). The
generation of anti-PEG antibodies is favored when the protein moiety is highly immunogenic.
Anti-PEG antibodies were also found in 20 to 25% of 350 healthy blood donors who have not
received PEGylated biopharmaceuticals.[”? Everyday use compounds such as cosmetics, food
or household chemicals contain PEG and this might explain the occurrence of anti-PEG
antibodies in a subset of the population. However, the neutralizing character of these anti-
PEG antibodies has not been demonstrated. It should be noted that other neutral soluble
polymers such as polyvinylpyrrolidone have been shown to decrease exogenous proteins
immunogenicity but that PEG decreased it the most and generated the weakest anti-polymer

antibody response.[33
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Year of

Commercial

Protein

PEG size

Bioconjugation

Main site of

approval name Generic name Parent drug size (kDa) and number method Attachment Application
1990 Adagen® Pegademase Adenqsme 40 11175 NHS ester ligation Lysines SCID
deaminase kDa
1994 Oncaspar® Pegasparagase Asparaginase 31 50 x 5 kDa NHS ester ligation Lysines Leukemia
2000 Pegintron® Peginterferon-a-2b Interferon-a-2b 19.2 1x 12 kDa Urethane bond Histidines Hepatitis C
2001 Pegasys® Peginterferon-a-2a Interferon-a-2a 19.2 1 x40 kDa NHS ester ligation Lysines Hepatitis C
) . . . N-terminal .
2002 Neulasta® Pegfilgrastim G-CSF 18.8 1 x20 kDa Aldehyde conjugation . Neutropenia
methionine
H th
2003 Somavert® Pegvisomant u?;rr;]gor:;/v 22 4-6 x 5 kDa NHS ester ligation Lysines Acromegaly
2007 Mircera® PEG-EPO Erythropoietin 30 1x30kDa NHS ester ligation Lysines Anemia
C-terminal RA & Croh
2008 Cimzia® Certolizumab Pegol anti-TNFa Fab' 51 1x40kDa  Maleimide conjugation ermlna . ronn
cysteines disease
p-Nitrophenyl
2010 Krystexxa® Pegloticase* Urate Oxidase 34 9 x 10 kDa carbonate ester Lysines Gout
ligation
Eryth ieti N-t inal
2012 Omontys® Peginesatide -rythropoletin 4.9 1 x 40 kDa NHS ester ligation ermina ACKD
dimeric peptide linker




Year of

Commercial

Protein

PEG size

Bioconjugation

Main site of

approval name Generic name Parent drug size (kDa) and number method Attachment Application
. Peginterferon beta- L . . .
2014 Plegridy® 1a Interferon B-1a 44 1x20kDa NHS ester ligation Lysines Multiple sclerosis
2016 Adynovate® Antihemophilic Coagulation factor 280 1x20kDa NHS ester ligation Lysines Hemophilia A
pegylated factor VIII
. Coagulation factor . .
2017 Refixia® Nonacog beta pegol X 50 1 x40 kDa Glycosylation N-glycans Hemophilia B
2018 Asparlas® Calasparagase pegol  Asparagine enzyme 138 50 x 5 kDa Urethane bond Lysines ALL
2018 Revcovi® Elapegademase Aden95|ne 115 11-175 NHS ester ligation AIanln'es and ADA-SCID
deaminase kDa lysines
D t If C lation fact
2018 Jivi® am°;ec;‘:|’g aita oagu av'lcl’ln actor 234 1x60kDa  Maleimide conjugation Cysteine Hemophilia A
. . Lo . . N-terminus .
2018 Fulphila® Pegfilgrastim-jmdb G-CSF 40 1 x20kDa Aldehyde conjugation . Neutropenia
methionines
. . 28-44 x 20 L . .
2018 Palynzig® Pegvaliase PAL enzyme 248 KDa NHS ester ligation Lysines Phenylketonuria
Turoctocog alfa Coagulation factor . . -
2019 Esperoct® 166 1 x40 kDa N-glycan engineering O-glycans Hemophilia A

pegol VIII
Table 1: Chronological overview of the FDA-approved PEGylated protein drugs. ACKD: anemia associated chronic kidney disease; ADA:
adenosine deaminase; ALL: acute lymphoblastic leukemia; AMD: age-mediated macular degeneration; Fab: antigen binding fragment; G-CSF:
human granulocyte colony-stimulating factor; NHS: N-hydroxysuccinimide; RA: rheumatoid arthritis; SCID: severe combined immune deficiency;
TNF: tumor necrosis factor; VEGF: vascular endothelial growth factor. *Market withdrawal in Europe in 2016 for economic reasons.
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2.2. Polypeptides
Polypeptide polymers have been introduced in the hope of overcoming the limitations of PEG
which suffers from several drawbacks including non-biodegradability and thereby possible risk
of accumulation in cells and tissues and generation of antibodies against PEG and PEGylated

proteins 34

Similar to PEG, the action of polypeptides primarily relies on decreasing the clearance via
increasing the hydrodynamic volume of the proteins they are fused to, but also on their
shielding from proteolytic degradation, detection by the host immune system, and receptor-
mediated clearance.l®! Yet, these polypeptides have not been used to decrease the
immunogenicity of foreign proteins as PEG has and, up to now, their use has been limited to
prolonging the serum half-life of human proteins. Polypeptides can be easily fused, via genetic
engineering, to recombinant proteins and peptides. They are hydrophilic, stable, reportedly
non-immunogenic, biodegradable, tuneable, do not alter the expression of proteins in
bacterial systems, have large hydrodynamic volume thereby increasing the half-life of fused
protein partners.[34 35361 The two main polypeptides currently in active development are
XTEN and PAS. HAPylation is the process of fusing a repeated sequence of a glycine-rich
polypeptide; this strategy was developed by Schlapschy et al. for anti-HER2 Fab before

discovering PAS but it is no longer pursued.3”]

2.2.1. XTEN

XTEN (loosely referred to as recombinant PEG) are genetically fused polypeptides composed
of non-repetitive randomized segments of six chemically stable amino acids: alanine (A),
glutamate (E), glycine (G), proline (P), serine (S) and threonine (T).38 The selection of these
amino acids is based on the idea of avoiding amino acids that might affect the solubility,
activity, or stability of proteins. Therefore, positively charged amino acids (known to bind to
the cell membrane) and amide-containing residues (could alter the stability of proteins) were
excluded.!3® In addition, glycine and proline do not form secondary structures and provide a
disordered conformation to XTEN.

XTEN can be expressed in E. coli system (> 8 mg/g wet-cell weight), making its production easy
and cheap. Furthermore, the XTEN polypeptide length can easily be tuned, and the resulting
conjugates are completely degradable into short peptides or amino acids. The proof-of-

concept of XTEN using exenatide (GLP-1 receptor agonist, an antidiabetic peptide)



demonstrated that the 84 kDa-fused exenatide-XTEN is thermostable (up to 75 °C), has a large
hydrodynamic radius and does not induce immunogenicity in mice.38 Besides, exenatide-
XTEN significantly improved the pharmacokinetics of the peptide by extending its half-life 65,
71, or 125-fold in rats, mice, or monkeys, respectively. Other peptides and proteins have been
successfully XTENylated, such as glucagon, green fluorescent protein (GFP), factor VII, human
growth hormone (hGH), teduglutide, a recombinant human Glucagon-like peptide 2 (GLP2-

2G), annexin 5A, T-20 (antiretroviral peptide), and clotting factor IX.[383°]

The encouraging in vivo results of XTEN fusion proteins have advanced three XTEN-conjugated
proteins to clinical trials (Table 2). In phase | clinical trial, exenatide-XTEN (VRS-859) showed
promising results in the glycemic control in patients suffering from type 2 diabetes mellitus®>.
The long half-life of ca. 5 days of exenatide-XTEN vs 2.4 h for unconjugated exenatide
highlights the potential of a monthly administration Somavaratan (VRS-317) is a novel long-
acting hGH for the treatment of hGH deficiency in children and adults.[*?! Despite the 12-fold
reduced potency of Somavaratan in vitro compared with hGH, the increased half-life of up to
60-fold resulted in an overall improved efficacy in vivo.*®®! Somavaratan demonstrated
clinically significant improvements in the growth (height velocity and IGF-1) of prepubertal
children in phase | clinical trials (NCT01718041). Adverse events following Somavaratan
administration were similar to daily growth hormone in pediatric growth hormone deficiency
and neutralizing antibodies were reported in 2 of the 64 children involved!?> 4% However,
twice-monthly SC injections of Somavaratan failed to meet the primary endpoint of non-
inferiority compared to daily SC injection of reference drug rhGH (Genotropin®) in phase Il
VELOCITY clinical trials in children (NCT02339090), leading to the termination of phase Il trials
in adults (NCT02719990).

More promising results have been obtained in phase Il clinical trials for the treatment of
hemophilia A with BIVV001, a rFVIIIFc-VWF-XTEN construct (XTENylated recombinant
coagulation Factor VIII Fc-von Willebrand Factor) (NCT03205163). BIVV001 was shown to be
safe and to have a superior PK compared with the recombinant factor VIII.*Y In humans, a 3
to 4 increase in the half-life (9.1 h to 37.6 h and 13.2 h to 42.5 h for low and high doses,
respectively) and up to a 7-fold increase in AUC were recorded compared with the

recombinant factor VIII.*% Clinical trials have progressed to phase Ill to evaluate the long-
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term safety and efficacy of weekly administration of BIVV0OO1 in previously treated patients

with severe hemophilia A (NCT04644575 and NCT04161495).

Protein XTEN MW or
Name Phase Status Application Ref
conjugate a.a. number
Exenatide- ~ 80 kDa (864 Type 2
VRS-859 Il C [40a]
XTEN aa) diabetes
rFVIIIFc-VWE- Severe
BIVV001 1] R NCT04161495
XTEN hemophilia A
rFVIIFc-VWEF- Two XTENSs: Severe
BIVV001 /1 C NCT03205163
XTEN 288 and 144aa  hemophilia A
rFVIIIFc-VWE- Severe
BIVV001 1] N NCT04644575
XTEN hemophilia A
Somavaratan
Il T hGH—XTEN AGHD NCT02719990
(VRS-317)
Two XTENSs:
Somavaratan hGH-XTEN
Il C 83.6 kDa AGHD NCT02526420
(VRS-317)
13.3 kDa
Somavaratan hGH-XTEN
I C PGHD NCT02339090
(VRS-3017)

Table 2 : XTEN-protein conjugates in clinical development. AA: amino acid; AGHD: adult
growth hormone deficiency; C: completed; N: not yet recruiting; NCT: number clinical trial;
PGDH: pediatric growth hormone deficiency; R: recruiting; rFVIIIFc-VWF: recombinant
coagulation Factor VIII Fc-von Willebrand Factor; T: terminated.

XTENylation is also investigated in the field of anticancer therapeutics.[*?! In particular, Amunix
Pharmaceuticals develops XTEN-improved T-cell engagers to address some of their limitations
in the treatment of solid tumors due to on-target off-tumor toxicity.*3! T-cell engagers are
bispecific antibodies binding a target antigen on a tumor cell on one side and a CD3 on a T-cell
on the other side to promote tumor cell apoptosis via the activation of the immune reaction.
XTENylated Protease-Activated T-cell engagers (XPATs) can prolong the half-life and reduce
off-target cytotoxicity induced by non-specific T cell activation (up to 15,000-fold). Once XTEN
chains are cleaved by proteases in the tumor microenvironment, highly potent T-cell engagers

are released. This strategy was used to target cancer cells-expressing HER2 or EGFR. Both
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generated XPATs have a strong safety profile in cynomolgus monkeys (no cytokine release
syndrome or systemic activation of T cells at high doses) and tumor regressions in murine

tumor xenograft models.[*?]

2.2.2. PAS

PASylation, introduced by XL-protein GmbH, is conceptually similar to XTENylation. However,
it uses only three uncharged amino acids, namely, proline (P), alanine (A) and serine (S). The
uncharged nature of PAS residues and their disordered conformation confers to PAS
biophysical properties similar to those of PEG.B3*! PAS is biodegradable, hydrophilic, and
reportedly non-immunogenic; its random coil conformation contributes to the expansion of

the hydrodynamic volume, thereby increasing the serum half-life of the fused proteins.[34° 44

PAS was reported to be efficiently produced in bacterial systems as well as in eukaryotic cells
with precise control over the composition of the sequence and its length. This latter spans
from 100 to 1200 residues; PAS comprising 200 (18 kDa), 400 (35 kDa), and 600 (50 kDa)
residues are however the most frequently used.3*® 44 pioneering work by Schlapschy and co-
workers demonstrated the feasibility and usefulness of PASylation in improving the PK
properties (half-life and area under the curve) of anti-HER2 Fab fragment (trastuzumab, 48
kDa), human interferon a2b (21 kDa) and hGH (22 kDa). Upon conjugation to PAS of 600
residues, the apparent molecular size of these proteins increased 22, 26, or 27-fold,
respectively, translating into half-lives 21, 29, or 94-fold longer in mice compared with the
unmodified proteins.l34 Serum antibodies against the hGH or interferon moieties were
detectable in mice. However, there was no cross-reactivity with unrelated proteins fused to
PAS, indicating that the PAS polypeptide itself did not exhibit immunogenicity in these studies.
Since the original publication by Schlapschy et al., the same group and others have applied
this strategy to more than a dozen proteins. The list includes IFNB superagonist YNSa8, IFN-
B1b, IFNa, leptin and leptin antagonist, humanized anti-CD20 and anti-HER2 Fabs, coversin,
erythropoietin (EPO), clotting factor VIII, uricase, exendin, IL-1Ra, Certolizumab Fab, anti-
VEGFA nanobody, and Ankyrin Repeat Protein (DARPin) anti-EpCAM (epithelial cell adhesion
molecule), FluoroCalins anti ED-B and VEGFR-3.[44%%] The increased hydrodynamic radius of
the PASylated proteins improved their half-life by a factor of at least 10 in mice without
compromising the biological activity of the fused proteins.[**! An increase in the biological

activity (2-fold) was reported for PASylated IFN-B1b.[43b!
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Most of the applications of PAS are for therapeutic proteins and are still in the preclinical
stage. However, PASylation was shown to be valuable for in vivo imaging through extending
the serum half-life of radiolabeled tracers allowing a better uptake in the tumor. For instance,
PAS;00 human CD98hcED-specific anticalin labeled with zirconium-89 was used for PET imaging
of mice bearing-prostate cancer or B-cell ymphoma subcutanenous xenografts expressing the
CD98 antigen.!®! Likewise, sensitive PET imaging of thyroid cancer was achieved using &Zr-
Dfo-PASz00-Gal3 Fab, a chimeric antigen-binding fragment directed against human Galectin-3
(Gal3 expressed in malignant thyroid nodules). The tracer accumulates selectively in the
tumor-bearing thyroid lobe of xenograft mice giving strong contrast images 24 h post-

injection.[”]

Afirst in-human study has been recently published for the imaging of HER2-positive metastatic
breast cancer.!*® PAS-Fabs can be tailored to obtain a good compromise between the long
half-life of full mAbs (which have major issues such as high toxicity due to slow clearance or
low tumor penetration) and the short half-lives of Fab fragments limiting their accumulation
in the tumor. Anti HER2-Fab was PASylated with PAS200 then radiolabeled with zirconium-89.
PET imaging using 8°Zr-Dfo-PAS00-HER2 Fab construct was thereby successful, well-tolerated,
and represents a potential tool for diagnostic of HER2-positive breast cancer in patients.[8!
The slower clearance from the blood allowed the accumulation of the tracer in both the
primary tumor and metastases located in axillary lymph nodes at 24 h post-injection.

However, the radiotracer was unsuccessful in detecting tumor metastases in the brain.

PASylation has also been exploited in the targeted delivery of small drugs and nucleic acids.! 4
Flavo and co-workers have developed doxorubicin-loaded nanocage using PAS-modified
ferritin protein nanocarrier (HFt-PAS).[*°1 Human ferritin (HFt) binds the transferrin receptor
upregulated in many cancer cells. The modification of ferritin heavy chains with PAS of 40 or
75 residues (HFt-PAS40 and HFt-PAS7s, respectively) resulted in highly soluble and stable HFt-
PAS nanocages with higher doxorubicin loading capacity (3 fold) compared with HFt. The half-
life was also up to 5-fold longer in mouse blood compared with HFt and 56-fold longer
compared with free doxorubicin.[*®! The introduction of matrix metalloproteinase cleavable
linker (MP) between the ferritin units and the PAS tags (HFt-MP-PAS) allowed targeting tumors
more selectively by taking advantage of the high concentrations of matrix metalloproteinases

in the tumor microenvironment.® This strategy was 4 and 8-times more efficient than
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doxorubicin-albumin conjugate (Aldoxorubicin) and free doxorubicin in treating mice bearing
xenogeneic PaCa-44 pancreatic tumor.>® The authors inserted two glutamate residues in the
PAS sequence to prevent nanocages aggregation by electrostatic repulsion of the negative
surface charges. The new construct, termed HFt-MP-PASE, was shown to improve further the
solubility and monodispersity of the nanocages.’!l Similarly, Tesarova et al. successfully
encapsulated the cytostatic alkaloid ellipticine (Elli) in the cavity of PAS-modified ferritin with
PAS of 10 residues (PASi1o-FRTEIli). PAS1o-FRTEIli exhibited a better accumulation in tumor
tissue of mice bearing triple-negative breast cancer (MDA-MB-231) xenograft compared to
free drug or FRTEIIi.?? The higher accumulation of PAS10-FRTEIIli in tumor tissue, likely due to
the prolonged circulation time and EPR effect, was nonetheless no better than in free Elli or

FRTElli in reducing the initial volume of the tumor.

XTEN and PAS of equivalent lengths (300, 600, 900 residues) were shown to increase the half-
life of DARPin Ec1 (targeting epithelial cell adhesion molecule EpCAM) to the same extent (up
to 114-fold).l>3 DARPins (designed ankyrin repeats) are made of several 33-amino acid residue
modules with alpha-helical structure engineered to bind a targeted protein with high
specificity and affinity.>* Interestingly, the charge difference between the two polymers had
no effect on the biodistribution, clearance, or tumor accumulation of the fused protein in a
xenograft model in mice. When cytotoxic maleimidocaproyl monomethyl auristatin F was
conjugated, the largest DARPin (PAS 900 residues) did not have the highest anti-tumor
response despite having the most prolonged half-life. The highest anti-tumor response was
induced by intermediate size and half-life conjugates. Authors ascribed this interesting result

to the balance between serum half-life and diffusion within the tumor.

2.23. ELP

Elastin-like polypeptide (ELP) is a polymer constituted from randomly repeated motifs of
valine (V), proline (P), glycine (G), X, and G where X represents any amino acid except
proline.®® ELPs are good candidates for conjugation as they are biocompatible and
biodegradable due to their high similarity with elastin.[>>->¢) An additional attractive property
of ELPs is that they exhibit a thermally-responsive reversible phase transition: when the
temperature is increased above the phase transition temperature, ELPs transition from a
soluble state to a gel-like state. The size and composition of ELP sequence can be tuned to aim

a transition temperature below the physiological temperature; thus, once injected, soluble
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ELPs at room temperature form a subcutaneous depot at body temperature and slowly
release the drug into the circulation.l®”! Beside sustained-release properties of ELPs, the half-

life of ELP-fused proteins is also extended by increasing their hydrodynamic radius.7->8]

Conrad et al. successfully fused an anti-TNF nanobody (VHH) to ELP resulting in an active
construct with a half-life 24-fold longer than that of the non-ELPylated anti-TNF VHH in mice
after IV injection (28 min to 11.4 h).>®! Other ELPyated therapeutics are being developed
primarily by PhaseBio (phasebio.com), taking advantage of the dual mechanism of the
sustained release of subcutaneous depots and extended circulation time of ELP fused
proteins. Three products are currently in clinical trials for weekly subcutaneous injections.!*
81 Glymera™ (PB1023), an ELP-GLP-1 (phase Ilb, NCT01658501, now licensed to
ImmunoForge, Co. Ltd) and PEO139, an ELP-insulin (phase 2a, NCT02581657), both in type 2
diabetes patients. PB1046, an ELP-VIP (vasoactive intestinal peptide), is in phase Il clinical trial
for pulmonary arterial hypertension (Pemziviptadil, NCT03556020 and NCT03795428) and
COVID-19 patients with acute respiratory distress syndrome (NCT04433546). However, this

latter indication is no longer pursued.

3. Fusion of therapeutic proteins to serum proteins

The abundance of I1gGs and albumin in blood and their long serum half-life make them ideal
tools for engineering therapeutic protein constructs with extended circulation time. SA is the
most abundant protein in blood with a concentration of 45 g/L. The blood concentration of
IgGs reaches 10 g/L. While IgGs have a serum half-life of 21 days, SA has a half-life of 19 days.
Therefore, 1gGs and SA have been used to prolong the half-life of protein therapeutics in two
strategies: (i) by directly fusing the therapeutic protein to a FcRn binding region of IgG or SA
or (ii) by fusing the therapeutic protein to a molecule (e.g. a peptide, a protein or a fatty acid)

able to non-covalently bind IgG or SA.

3.1. FcRn recycling
FcRn (neonatal Fc receptor or Brambell receptor) is a heterodimer receptor widely expressed
in mammalian cells including the endothelium, intestinal and respiratory epithelia, and
macrophages. It is derived from the major histocompatibility complex class | receptor and
comprises a transmembrane a-chain of 45 kDa with a 17 kDa -2 macroglobulin chain involved
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in folding, transport and FcRn functions. FcRn extends the half-life of IgG and SA by protecting
them from degradation. IgG is internalized in endothelial cells by pinocytosis and is then found
in the recycling endosome. The binding between IgG and FcRn is dependent on the acidic pH
(< 6.5) of endosomes. It involves the a2 and B2 domains of FcRn and pH-dependent salt
bridges mediated by two histidine residues located between the CH2-CH3 of the Fc domain.
At physiological or higher pH, FcRn does not interact with those ligands. (Figure 1). Acidity in
vesicles allows the strong binding of 1gG to the endosomal FcRn, protection from endosomal
degradation and translocation of 1gG back to the cell surface, where they are released at the
neutral pH (7.4) of blood. SA is internalized through macropinocytosis, mostly in macrophages,
bind the FcRn —at the opposite site that binds the Fc— by involving a histidine residue, then
follow the same recycling pathway as 1gG.1%°! While FcRn binding prolongs the serum half-life
of 1gG and SA, the non-recycled molecules or antibodies, as for example IgE or IgA, are

transported to the lysosome for degradation.

1gG, I1gG; I1gGs 18G4
Average MW (kDa) 146 146 165 146
Mean Adult serum level (g/L) 9 3 1 0.5
Relative abundance (%) 60 32 4 4
Half-life (Days) 21 20 7 21
Clq binding ++ + +++ -
FcyRI (Kp, nM) 10 No aff. 10 1
FcRn (Ko, nM) 20 20 0 80

Table 3 : Main properties of human IgG subclasses. C1q: complement 1q system; FcyRI: Fc
gamma receptor I; MW: molecular weight. No aff.: No affinity. Data from Murphy et al.l6%

It is interesting to note that the IgG subclass influences the interaction with FcRn. IgGs
comprise four subclasses, 1gG1, 1gG2, 1gGs, and 1gGs differing in their constant Ch, domain and
binding properties (Table 3). The choice of the most appropriate subclass depends on the
desired half-life since the Cu; region is involved in binding to 1gG-Fc receptors (Erreur ! Source
du renvoi introuvable.).®?l While the subclasses IgG1, 1gG> and 1gGs possess a high binding

affinity for FcRn, the IgGs isotype lacks a functional FcRn binding domain resulting in a shorter
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half-life compared to the other isotypes (Erreur ! Source du renvoi introuvable.).[®2! The non-
FcRn recycling 1gGs can represent an asset for therapies involving mAbs as carriers for

cytotoxic payloads —due to their short half-life limiting hematologic off-target toxicity.

Blood FcRn “
pH 7.4 .

3a) Exocytosis: release

18G 2a) Endosomal
& ) of IgG in blood

Proteins recycling of Fc-FcRn

\ complex mediated pH

3b) Transcytosis: release of  casusss
IgG in interstitial tissue

>
(2) -

Figure 1: Recycling-mediated FcRn pathway after pinocytosis of serum IgG. IgGs are first
internalized into cells via endocytosis. Acidity in vesicles-allows the binding to FcRn while
unbound plasma proteins undergo lysosomal degradation. The IgG bound FcRn is then
translocated back to the cell surface. Due to neutral pH, the complex dissociates and the I1gG
is released in the blood after exocytosis or in interstitial tissue via transcytosis. The FcRn is
then free to be involved in another cycle. Adapted from reference. (53

1) Fc binding to
FcRn in acidified
endosome

2b) Lysosomal degradation

L of unbound proteins
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pH 7.4

Protein engineering strategies have been developed to increase the affinity of human IgG1 for
FcRn in order to further increase its recycling and thus to obtain therapeutic antibodies with
an even longer half-life.®®* Medimmune technology consists in inserting mutations in the CH>
domain of the Fc region of IgGj, for instance, a triple substitution (M252Y, S254T and T256E),
referred as YTE (Patent US7658921B2). Proof-of-concept on palivizumab showed an in vitro
10-fold increase in binding affinity to human FcRn at low pH with an efficient release at pH

7.4.185] Further experiments with palivizumab and several YTE variants of 1gGs exhibited an
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increased plasma half-life for up to three months.!%®! Recently, YTE introduced in neutralizing
HIV mAbs has been assessed in macaques infected with HIV. While the YTE sequence
improved the PK profile following IV administration, it also induced immunogenicity, an issue

limiting its clinical transfer for now.

One last characteristic of the Fc fragment is its immunoregulatory properties. 1gG or Fc fusion
proteins bound to the FcRn are diverted from antigen presentation compartments, obviating
an immune response. The Fc is also able to enhance the suppressive activity of T-cells (Treg)
involved in the maintenance of immunologic self-tolerance.®” Two T-cells epitopes have been
identified in the Fc region of IgG; that are capable of regulating immunogenicity by activating
Tregs. Consequently, in addition to extending protein half-life, the Fc-fusion strategy also

represents a great potential to reduce immunogenicity.

3.2. Fc fusion proteins

In most cases, Fc fusion proteins present an extended half-life compared with their parent
protein or peptide. Most of the Fc-fusion proteins are produced by genetic engineering via the
fusion of the C-terminus of the biological payload to the N-terminus of the IgG-CH3 domain
resulting in a stable Fc-conjugate.8! Currently, four groups of proteins or peptides are used
for Fc-fusion partners, namely the extracellular domains of natural receptors (e.g., etanercept,
alefacept, etc.), cytokines (e.g., aflibercept), peptides (e.g., romiplostim, dulaglutide) and
enzymes (e.g., asfotase a, turoctocog a, etc.) as shown in Table 4. Etanercept® is the first Fc-
fusion protein, approved in 1998, for the treatment of rheumatoid arthritis. Etanercept® is
constructed by two 75 kDa-human TNFRIl exodomain each linked to the Fc of a human 1gG;
(Table 4).[%8) Due to the fusion to the Fc domain, etanercept® is eliminated slowly in patients,
with a half-life of 70-100 h. It binds TNF-a and TNF-B with higher affinity than the endogenous

TNF receptor, thereby preventing the proinflammatory cascade.®®

Another good example of Fc-fusion protein is the well-established standard treatment for
patients with hemophilia A: the factor VIII (FVI11).1%! Several strategies have been employed to
extend the half-life of rFVIIl products, including PEGylation, XTENylation and Fc-Fusion.[”?
Recombinant FVIII Fc fusion protein (rFVIIIFc), constructed by fusion of a single molecule of
rFVIIl to the Fc region of human 1gG1, has been the first FVIII approved with an extended half-

life (Eloctate®, Table 4).11¢ 711 However, compared with the conventional rFVIll, the fused
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rFVIIIFc has a half-life only 1.5-fold longer (19.0 h vs 12.4 h) and a slightly slower systemic
clearance (2.0 vs 3.0 mL/h/kg).[’?
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FDA Generic name Half-life
MW (kDa) Target Protein format Mechanism of action Main application
approval (US trade name) (days)
Etanercept P75 TNFR exodomain Blocks TNF-a/TNFR
1998 150 TNF-a 2.8 Rheumatoid arthritis
(Enbrel®) IgG1 Fc fusion interaction
Blocks interaction of CD2
Alefacept CD58 (LFA-3)
2003 92 CD2 11 with LFA Moderate-severe psoriasis
(Amevive®) IgG1 Fc fusion
Inhibits T-cell activation
Abatacept CTLA-4 Blocks T-cell activation and
2005 92 CD80/CD86 12-23 Rheumatoid arthritis
(Orencia®) IgG1 Fc fusion cytokine production
Rilonacept IL-1R1 & IL-1RAcP Blocks IL-1p signaling, Cryopyrin-associated
2008 251 IL1A, IL1B, ILIRN 8.6
(Arcalyst®) IgG1 Fc fusion reduces inflammation periodic syndrome
Romiplostim Thrombopoietin R Peptibody Stimulates JAK2 et STATS Chronic immune
2008 60 3.5
(Nplate®) (agonist) IgG 1 Fc fusion pathways thrombocytopenia
Belatacept CTLA-4 Blocks T-cell activation and  Prophylaxis after kidney
2011 90 CD80/CD86 ~8-10
(Nulojix®) IgG1 Fc fusion cytokine production transplant
Aflibercept VEGFR1 & 2 Age-related macular
2011 115 VEGF-A ~5-7 Inhibits angiogenesis
(Eylea®) IgG1 Fc fusion degeneration
Ziv-Aflibercept VEGFR1 & 2
2012 115 VEGF-A ~5-7 Inhibits angiogenesis Metastatic colorectal cancer
(Zaltrap®) IgG1 Fc fusion
Turoctocog alfa Truncated rhfactor VIII
2013 166 Factor substitute ~0.4 Replaces factor VIl deficit ~ Hemophilia A

(NovoEight®)

IgG1 Fc fusion




FDA Generic name Half-life
MW (kDa) Target Protein format Mechanism of action Main applications
approval (US trade name) (days)
Eftrenonacog alfa Monomeric Factor IX
2014 98 Factor substitute ~3 Replaces factor IX Hemophilia B
(Alprolix®) IgG1 Fc fusion
Efmoroctocog
Monomeric factor VIII
2014 alfa 170 Factor substitute 0.8 Replaces factor VIII Hemophilia A
1gG1 Fc fusion
(Eloctate®)
Dulaglutide GLP-1 analog Stimulates insulin
2014 60 GLP-1R (agonist) 3.75 Type 2 diabetes
(Trulicity®) IgG4 Fc fusion production
Asfotase alfa Human TNS-ALP
2015 180 Factor substitute ~5 Replaces deficient ALP Hyphosphatasia
(Strensig®) IgG1 Fc fusion
Etanercept-szzs Dimeric TNFR Blocks TNF-a/TNFR
2016 125 TNF-a 2.8 Rheumatoid arthritis
(Erelzi®) IgG1 Fc fusion interaction
Damoctocog alfa
Monomeric factor VIII-PEG
2018 pegol 230 Factor substitute 0.8 Replaces factor VIII Hemophilia A
IgG1 Fc Fusion
(Jivi®)
Turoctocog alfa
Truncated factor VIII-PEG
2019 pegol 206 Factor substitute 0.8 Replaces factor VIII Hemophilia A
IgG1 Fc Fusion
(Esperoct®)
Luspatercept-
Activin RIIB
2019 aamt 76 TGF-B 11 Blocks TGF-B signaling Beta thalassemia anemia
IgG1 Fc fusion
(Reblozyl®)

Table 4: Chronological overview of FDA-approved chimeric Fc-fusion proteins: structural characteristics, mechanisms of action and main
applications. ALP: alkaline phosphatase; CTLA-4: cytotoxic T lymphocyte-associated antigen 4; FDA: Food and Drug Administration; GLP:
glucagon-like protein; IgG: immunoglobulin G; IL: interleukin; JAK2: Janus kinase 2; LFA: lymphocyte function associated antigen; MW: molecular
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weight; PEG: polyethylene glycol; R: receptor; STATS5: signal transducer and activator of transcription 5; TGF: transforming growth factor; TNF:
tumor necrosis factor; TNS: tissue non-specific; VEGF: vascular endothelial growth factor.
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3.3. Targeting serum albumin

Serum albumin, the most abundant protein in blood, is characterized by a long serum half-life
and a broad tissue distribution. The long serum half-life of SA is due to: (i) its large size (i.e.,
67 kDa, 585 amino acids spanning three independently folding domains) which is higher than
the cut-off for kidney filtration, and (ii) more importantly to its protection from intracellular
lysosomal degradation via its binding to the FcRn (Figure 1). The binding of the therapeutic
protein to SA (directly or indirectly) may further protect it by shielding it from proteolytic
degradation. Along with this, SA exhibits a high capacity to extravasate from the bloodstream
to reach the lymphatic system and thus it accumulates in cancerous or inflamed areas.!”3! SA
therefore constitutes a target of choice to which therapeutic proteins have been paired

through mainly two different approaches in order to increase their serum half-life.

DOMAIN I

Figure 2 : Structure of SA in complex with FcRn. The three structural domains are highlighted
as well as the position of the mutations discussed in the text and the free Cys34 (PDB 4K71).



3.3.1. Covalent conjugation of therapeutic peptides and proteins to serum albumin

In a first approach, the therapeutic peptide or protein is covalently linked to SA. The
advantages of this approach, also referred to as albumination, are that SA, which is one of the
best characterized proteins in the pharmaceutical field, is not immunogenic and has an
excellent biocompatibility and degradability.’¥ Moreover, this non-glycosylated protein, can
be produced in large amounts in eukaryotic cells such as yeast or mammalian cells, alone or
fused to therapeutic proteins.[”>! SA was approved by the FDA as a therapeutic protein in 1982
which reduces the regulation considerations for the development of new SA-based

therapeutics.

Two albuminated proteins have entered the market. In the first one, Albiglutide used for
treatment of type 2 diabetes, SA is fused to GLP-1; while in the second, Albutrepenoncogalpha
used to treat haemophilia, it is fused to recombinant coagulation factor IX. These fusion
proteins are injected subcutaneously or intravenously, once weekly or up to once every other
week, respectively. At least three other SA-fusion proteins have entered clinical trials (Table

5).

A number of factors affect the magnitude of half-life extension conferred by the fusion to SA
including the affinity of SA for FcRn at neutral and acidic pHs, the size and nature of the
therapeutic protein, and the site of attachment of the therapeutic protein on SA. In any case,
the effects of the conjugation/fusion to SA on the binding, the stability, the therapeutic
effects, the biodistribution and pharmacokinetics of a given therapeutic protein have to be

evaluated to choose the best configuration.

In order to study the influence of the affinity of SA to FcRn, a number of mutational variants
of SA with modified affinity for FcRn have been engineered.!”®! For example, the replacement
of Lys-573 with any amino acid resulted in enhanced binding to FcRn at acidic pH while
minimally affecting the binding at neutral pH. In particular, the affinity of the variant K573P
for human FcRn is more than 12-fold that of the wild type (WT) SA (10.3 versus 125.6 nM),
resulting in extended serum half-life in WT-mice, mice transgenic for human FcRn, and
cynomolgus monkeys (5.4 to 8.8 d)[7%3, Very recently, the same research group has generated
a triple mutant, E505Q/ T527M/K573P (QMP-SA) of SA which can be expressed in similar
amount than the WT-SA while its affinity for human FcRn is increased by about 160 fold. In

mice, the half-time of QMP-SA fused to Factor Vlla (FVIla) and administrated intravenously, is
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almost 4-fold longer compared with the WT-SA fusion, without compromising the therapeutic
properties of FVlla. This enhanced efficiency can be rationalized by the fact that, compared to
WT-SA fusion proteins, the higher affinity of the mutational variants of SA give them a
competitive advantage over the endogenous SA for FcRn binding.[’%®! Moreover, since the
attachment of large cargo to SA often reduces the affinity of SA for FcRn, the use of engineered
SA variants with improved affinity allows maintaining an affinity of the fusion protein above
that of unmodified WT-SA. /7] The availability of a series of mutational variants of SA with
different affinities constitutes an opportunity for optimizing the drug efficiency, tolerability

and dosing by finely tuning the serum half-life of the therapeutic protein.[763
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Molecular

Trade name Generic name Parent drug Position on SA Application Status
weight (kDa)

Interph
Albuferon®/Zalbin®/Joulefon®  Albinterferon a’;pirapz eron N-terminus 85.7 Chronic hepatitis C NCT00964665*
Eperzan®/Tanzeum® Albiglutide GLP-1 C-terminus 72.9 Diabetes mellitus type Il  FDA approval in 2014

. . . . Chemotherapy-induced  Positive evaluation by
® ® - =
Neugranin ®, Egranli Balugrastim hG-CSF N-terminus 85 neutropenia EMA in 2014*
Idelvion® Albutrepenonacog Coagulation C-terminus 125 Hemophilia B FDA approvaiin 2016
alfa factor IX

R binant

CSL689 NA ecombinan C-terminus 120 Hemophilia A or B NCT02484638

factor Vlla

Table 5: Genetically-engineered serum albumin fusion proteins in the market or clinical trials. EMA: European Medicines Agency; FDA: Food
and Drug Administration; GLP-1R: Glucagon-like peptide 1. hGCSF: human granulocyte colony stimulating factor. SA: serum albumin; NA: not
available. *This phase 2 clinical trial was halted in 2010 due to severe adverse effects. “This application for approval has been withdrawn after
phase 3 for commercial reasons.



The large size of SA may shield the therapeutic protein fused to it. Although the shielding can
be beneficial to protect the therapeutic peptide or protein from proteolysis, it may also have
detrimental effects on its functional properties. In order to reduce this eventual shielding
effects, therapeutic proteins can be fused to the SA domain Il (23 kDa), which is both
necessary and sufficient for FcRn binding in a pH-dependent manner (Figure 2). Serum
albumin domain Il and mutational variants thereof have been fused for exemple to an ScFv
and resulted in an improved half-life (i.e., up to 56.7 h versus 2.9 for the scFv alone).l’8,
Reducing the size of the SA moiety was also shown to ensure a better tumor accumulation of

the therapeutic protein.l’8

SA or its derivatives (i.e., mutational variants) can be conjugated to a therapeutic protein via
different approaches. First, it can be site-selectively chemically coupled via its free cysteine
residue at position 34 located in domain | and distant from the FcRn interface (Figure 2), via
maleimide coupling. Recently, Bak et al, first labeled the cysteine 34 with a DBCO function that
was further conjugated to a therapeutic peptide equipped with a clickable non-natural amino-
acid-p-azido-1-phenyalanine (AzF) through strain-promoted azide-alkyne cycloaddition
(SPAAC).7®I This approach was used to conjugate GLP-1 to SA at three different site-specific
positions. Although, the half-life, in mice, of the three conjugated peptides was similar (i.e., 8
h compared to 3 min for the non-conjugated peptide), the potency of the peptide significantly
depended on the site of conjugation.l”® We anticipate that in the future, further development
of site-specific-bioorthogonal labelling will enable to increase the potency of albuminated
pharmaceuticals. Finally, SA and its derivatives can be genetically fused to the therapeutic
protein either at the C-terminus, N-terminus or both; and the chimeric proteins are expressed

in the suitable host as a single polypeptide.8%

3.3.2. Non-covalent binding of therapeutic proteins to serum albumin

The second approach consists in fusing or conjugating the therapeutic protein to molecules
which bind to endogenous SA (Table 6). These later can be molecules that naturally bind SA
(e.g., fatty acids or bacterial alboumin domains), and proteins specifically engineered to bind

SA.

3.4.2.1 Natural binders of serum albumin



Fatty acids. SA acts as a transporter of fatty acids (7 binding sites for long fatty acids and 2 for
medium-size fatty acids). Thus, the conjugation of peptide or protein to fatty acids, referred
to as lipidation, allows to extend their blood half-life and a series of lipidated peptides and
proteins are on the market (Table 7). For example, the serum half-life of an insulin analog
(desB30 human insulin) is increased from 4—6 min to 5-7 h by conjugating it to myristic acid
(C14) through the Ne-amine of LysB29. This lipidated insulin, called Detemir, was approved in
2004 and the extension of half-life makes it suitable for a once-daily subcutaneous
injection.’®] The prolongation of the blood half-life is due to a combination of two
phenomena: the interaction of the C14 moiety with the fatty acid binding site on albumin and
the prolongation of absorption via the oligomerization of the lipidated insulin. Indeed, the
myristic acid is thought to stabilize both a hexamer-dihexamer equilibrium and
hexamer-albumin complexes in the subcutis. Such complexes are likely to protract insulin
absorption into the bloodstream. Then, upon dissociation and absorption into the
bloodstream, the insulin Detemir monomers can bind to albumin through their fatty acids;
more than 95% of circulating insulin Detemir is indeed albumin bound. Other examples of
lipidated biopharmaceuticals are Liraglutide and Semaglitude. Liraglutide is a GPL-1 analog in
which the lysine 34 has been mutated to an arginine, allowing it site-specific conjugation to
palmitic acid through the Ne-amine of Lys 26 via a YGlu spacer. Liraglutide, which was
approved in 2010, has a half-life of 8-10 h and 13-15 h following IV and SC injection,
respectively. Such half-life extension makes it suitable for once daily administration.!8?
Semaglutide consists in GPL-1 with two amino acid substitutions at positions 8 and 34, where
alanine and lysine are replaced by 2-aminoisobutyric acid and arginine, respectively. It is
conjugated to a C-18 fatty diacid (stearic acid) on the lysine 26. Its serum half-life is about 7
days and once-weekly injection is therefore enough.®2 While the first three commercialized
lipidated biopharmaceuticals are peptides or small proteins, Somapacitan which has been
recently approved by the FDA is derived from a larger protein, hGH (22 kDa, 191 aa). The
leucine at position 101 of hGH is mutated to a cysteine residue that is used to conjugate a C16
fatty acid through a tetrazole linker by alkylation. Somapacitan long half-life allows a weekly

injection for the treatment of adults with hGH deficiency.[®3!

The advantages of lipidation are that the fatty acids are cheap to synthetize, biocompatible

and non-immunogenic. However, the main drawbacks are the insolubility of fatty acids and
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their lower affinity for SA than for example antibodies and fragments thereof.[84 Moreover,
the linker might be immunogenic. An immunogenic response against lipidated
biopharmaceuticals has indeed been reported. The levels of antibodies generated were

however low and without clinical relevance.8!]

A number of factors affect the magnitude of half-life extension conferred by the conjugation
to fatty acids including the length of the fatty acid and of the linker used to conjugate it to the
protein and the size of the therapeutic protein. For lipidated GPL-1, a clear positive correlation
between the length of fatty acids and the affinity for SA was observed; however, this was
associated with a decreased potency of GPL-1 probably because only free GLP-1 can bind to

the receptor. Therefore, a compromise should be made between these two parameters.[#®]

Fatty acids can be conjugated to peptides and proteins via the lysines. However, this usually
results in heterogenous labelling and loss of therapeutic efficacy. Site-specific conjugation via
copper-catalyzed azide-alkyne cycloaddition (CuAAC) and strain-promoted azide-alkalyne
cycloaddition (SPAAC) has been reported.[®! For example, in the latter case, a clickable non-
natural amino acid, p-azido-L-phenylalanine (AzF) is introduced to a specific site of the target
peptide or protein; then a fatty acid analog containing dibenzoclyclootyne group (DBCO-FA) is
conjugated to AzF site of the target peptide/protein via SPAAC.[”) Such a protocol was used
to site-specifically conjugate urate oxidase, a therapeutic protein for the treatment of tumour
lysis syndrome, to palmitic acid at two positions. The conjugation resulted in high SA binding
capacity and retained enzyme activity. Fu et al have developed a strategy, through the genetic
encoding of e-N-heptanoyl-I-lysine (HepoK), allowing the introduction a fatty-acid-containing
amino acid into proteins with exquisite site-specificity and homogeneity. Using this approach,
they produce a HepoK-incorporated GLP1 in E. coli which showed a more potent and long-

lasting ability in decreasing blood glucose level in mice than WT GLP1.(88

Although lipidation is effective in prolonging the blood half-life of peptides or small proteins
(MW-< 28kDa), it is less efficient to increase the half-life of larger proteins. Such proteins, when
conjugated to fatty acids, are thought to compete with the binding to SA with FcRn due to the
fact that the dominant fatty acid-binding sites partially overlap with the FcRn binding site.[®!
For such large proteins, it was recently shown that increasing the linker length between the
fatty acid and the target protein reduces the steric hindrance for the binding of FcRn to SA and

results in longer serum half-life. For example, there is a linear correlation between the linker

38



length (from 0.25 nm up to 2.8 nm) and the serum half-life of urate oxidase (140kDa), a
therapeutic protein used to treat hyperuricemia, conjugated to palmitic acid. The longer linker
led to a 7-fold greater extension of serum half-life in mice.!® Such a correlation was not

observed for small proteins.84
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Site-specific

Design Molecule engaged Advantages Drawbacks . .
conjugation
. Tunable effects via mutations Shieding of the therapeutic protein
Full-length albumin . .
. . Reduced regulatory considerations (non-
Genetic (and mutational . L Yes
. immunogenic, biodegradable)
or variants thereof) .
. Easy production
chemical
fu:mn Reduced size
b ° i Tunable effects via mutations
albumin Albumin domains Lower shieding effect Yes
Better tissue penetration
Easy production
Fatty acids Low cost, biocompatibility Poor solubility Yes
Lower affinity for SA
Immunogenicity of the linker
Non- Small size I icit
covalent Bacterial ABD Tunable PK mmunogenicity Yes
binding Easy production, high stability
to ) ) Immunogenicity if not from human Abs
albumin Antibody fragments Small size
(Fab, scFv, Fv, VH, VL, Tunable PK Yes
nanobody, & VNAR) Easy production
e . Small Size Immunogenicity
Artificial proteins Tunable PK Ves

(DARPIn & Aptide)

Easy production

Table 6 : Comparison of the different approaches to extend the serum half-life of proteins via targeting serum albumin (SA).



Bacterial serum albumin binding domains (ABD). The second class of SA naturally binding
molecules are the bacterial proteins targeting SA including Staphylococcus protein A and
Streptococcus protein G.°% The SA binding domains of these proteins, composed of about 50
amino acids (-5 kDa) have been extensively engineered to further improve their half-life
extension capability by a combination of combinatorial protein engineering, in vitro selection
via phage display technology and rational design, leading to the selection of fentomolar
affinity binders or of minimal size binders.®Y For example, Guo et al. have fused an ABD to a
human epidermal growth factor receptor 2 (HER2)-specific immunotoxin ZHER2-PE38.1°%
Compared with non-fused ZHER2-PE38, this new construct exhibited a clearly increased serum
half-life (331 versus 13 min, approximately 25-fold extension) and remarkably improved
antitumor effects in an NCI-N87 subcutaneous xenograft model. The Albumod™ platform
developed by Affibody AB to improve the PK of biologics is based on such albumin binding
domains (ABD). Izokibep (also known as IMG-020 or ABY-035) is a bispecific fusion protein
made of two affibodies (i.e., 6.5 kDa artificial proteins derived from the Z domain of
staphylococcal Protein A and structured as a triple a-helix bundle) with a high affinity for
interleukin-17A (IL-17A) and one ABD domain (5kDa) with high affinity for SA.[®3 It is in clinical

trial to treat patients with ankylosing spondylitis (Table 7).

The advantages of ABD are their small size, high stability, easiness to be engineered and to be
produced recombinantly. Their drawback is their potential immunogenicity since they derive

from bacterial sources.
3.4.2.2 Non-natural binders of serum albumin

Finally, a number of proteins specifically binding SA have been generated. This includes

various antibody fragments as well as artificial proteins (i.e., aptides and DARPins).?4

Antibody fragments. A series of antibody fragments targeting SA have been generated
including Fab, Fv, scFv, VH, VL derived from conventional IgG essentially from human, murine
or rabbit origin, and VNAR and nanobodies which are derived from heavy-chain only
antibodies.[** %3 These later two are produced by sharks and camelids, respectively; they are
devoid of light chains. Their binding site is therefore constituted by a single 1gG domain

referred to as VHH or nanobody when derived from camelid and VNAR when derived from



sharks.[®®! Nanobodies are more and more used in various fields including human medicine
imaging and therapy.!®”! Despite their small size, nanobodies bind to their antigen with a high
affinity. Due to their small size, they have a number of unique favorable properties including
high stability, high solubility, easiness to be further engineered to adapt their properties to a
given application and to create multi-domain constructs, easiness to produce and store, low
immunogenicity due to the high sequence identity (~¥80%) with the human VH3 (variable
domain of the heavy-chain of conventional antibodies) gene family and easiness to be
humanized if necessary, ability to target unusual epitopes and capacity to work
intracellularly.l®® %8 |n February 2019, Caplacizumab, the first nanobody-derived drug, was
approved by the FDA for acquired thrombotic thrombocytopenic purpura, a rare disease
characterized by excessive blood clotting in small blood vessels. It consists in two identical
nanobodies targeting the A1 domain of von Willebrand factor, linked by a linker made of three

alanines.

A number of anti-SA nanobodies have been described; they extend the serum half-life of the
protein they are fused to up to 376-fold in preclinical models.®?! Five nanobodies-based
biopharmaceuticals involving a SA-binding moiety are in clinical trials (Table 7):
Vobrarilizumab and Ozoralizumab to treat rheumatoid arthritis, M6495 to treat osteoarthritis,
BI5508 to treat atherosclerosis and Sonelokimab to treat psoriasis. Vobrarilizumab consists in
a bispecific nanobody targeting respectively IL6 and SA, and Ozoralizumab is a trivalent
bispecific nanobody with two nanobodies targeting TNF-00 and one targeting SA.[100
Sonelokimab (also known as M1095) is a trivalent nanobody; it is made of nanobodies specific
to human IL-17A, IL-17F, and SA. M6495 is a bispecifc nanobody made of one anti-ADAMS5
protease (A Disintegrin And Metalloprotease with ThromboSpondin-motifs-5) nanobody and
one nanobody anti-SA. In vitro, M6495 completely inhibits ADAMS5 which is involved in
arthritic diseases. In an 8-week murine DMM (destabilization of the medial meniscus) model,
it slowed progression of joint damage when administered prophylactically. Finally a bispecific
nanobody binding to both SA and the chemokine receptor CX3CR1, referred to BI65088, is a
potent antagonist to CX3CR1 that significantly inhibits plaque progression in a murine model
of atherosclerosis.[’%% After IV in cynomolgus monkey, its blood half life was 9.2 days. To

reduce immunogenicity the sequence of the nanobodies have been humanized.!'%?l
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Most of the anti-SA antibody fragments have been derived from immune librairies made from
the blood of animals, essentially rabbits, mice and lamas immunized with the target protein.l'*
%5l Binders specific of SA can then be selected from these libraries by a panning strategy such
as phage display. Inclusion of endogenous SA-binders during this procedure favors the
selection of binders that will not interfere with the function of SA including the binding to
FnRc. Moreover, the selection of binders that cross react with SA from different origins (e.g.,
mouse, rat, monkey and human) can be carried out by alternatively using one of these proteins
as target in the consecutive rounds of selection.®*? A combination of one round of phage
display panning and next-generation DNA sequencing has also been used to identify cross-

reactive nanobodies against SA.[%2

One critical point with such non-human anti-SA antibody fragments is their potential
immunogenicity. Thus, they should be humanized and this is usually carried out by CDR
grafting onto human VH and VL frameworks for conventional antibody fragments.'¥ Given
their single-domain character, nanobodies can be easily humanized by mutating key residues
in the sequence of their CDRs and various strategies to efficiently humanise nanobodies
without significantly affecting their binding specificity, stability and solubility have been

established.[?%2 103l

Note that an alternative strategy to increase the serum half-life of nanobodies, due to the
easiness with which they can be used as building blocks is to fuse them to a subunit of a
multimeric protein. Fan et al. have, for example, generated a platform they named fenobody,
in which a nanobody developed against H5N1 virus is displayed on the surface of ferritin in
the form of a 24mer. This overall affinity of the fenobody for HSN1 was drastically increased
(i.e., by a factor 360) and its serum half-life in a murine model was extended by a factor 10

compared to the monovalent nanobody counterpart.!1%4

The AlbudAb™ platform which is based on a drug fusion with a variable heavy or light chain
domain derived from a human IgG that exhibits high albumin affinity was developed by
GlaxoSmithKline. GSK2374697, a genetically engineered fusion protein of such a human
domain antibody fragment to exendin-4 acts as a long-duration GLP-1 receptor agonist for the
treatment of type 2 diabetes. The pharmacokinetic profile was prolonged, with estimated half-

lives ranging from 6 to 10 days in humans (versus 2.5 h for exendin-4 alone).[10°!
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Artificial proteins. Several artificial proteins designed by combinatorial protein engineering
have been selected against SA including DARPins and Aptides. MP0250 is a multi-domain
consisting in four DARPin domains with the following successive specificities within a single
polypeptide chain: SA, vascular endothelial factor-A, hepatocyte growth factor and SA.11%I This
multidomain protein is in clinical phase 2 for the treatment of patients with solid tumors.
MP0250 specifically inhibits both vascular endothelial growth factor (VEGF) and hepatocyte
growth factor (HGF) with the aim of disrupting the tumour microenvironment in patients with
solid tumours. Its serum half-life is about 2 weeks.[*%”] Thus, a dosing interval of 2, 3 or even 4
weeks can be envisioned. Aptides are structure-constrained peptides containing a
randomizable binding region and a constant B-hairpin scaffold. An anti SA aptide with KD of
188 nM was isolated by phage and fused to exenatide. The serum half-life of the fusion protein
was 4-fold longer compared with exenatide alone.[®*¢l The advantages and drawbacks of these
proteins are very similar to those described above for nanobodies. Indeed, the advantages of
artificial proteins are their small size, high stability, high yield of production, use as building
block of multivalent/multifunctional constructs, ability to work intracellularly. Moreover, due
to their high stability, artificial proteins can support the introduction of non-natural amino-
acids in order to further increase their resistance to proteolysis or for their
functionalization.[!%® The essential drawback is the immunogenicity; this later can be
evaluated and reduced in silico using for example Lonza’s proprietary Epibase® in

silico platform.
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Trade name Generic name Parent drug Molecular Conjugation reaction Application Status
weight (kDa)
Levemir® Insulin detemir Human insulin 5.9 Myristic acid on lysine  Diabetes FDA in 2005
at position B29 mellitus 1/11
Tresiba® Insulin degludec Human-insulin 5.9 Hexadecanedioic acid Diabetes FDA in 2015
on lysine at position mellitus I/11
B29
Victoza®/Saxenda® Liraglutide GPLP-1R (L27R) 3.7 Palmitic acid on lysine  Type Il FDA in 2010
at position26 diabetes
Ozempic®/Rybelsus® Semaglutide GPLP-1R (A8aminoisobutyric 3.7 Stearic diacid (C18) on  Typelll FDA in 2017
acid, L34R) lysine at position26 diabetes
Sogroya ® Somapacitan Human growth hormone (hGH) 23.3 C16 on position C101 Adults with FDA in 2020
(Lao1c growth
hormone
deficiency
NA GSK2374697 Exendin-4 16 Fusion of antibody Obesity NCT02829307
(AlbudAb) albumin binding

domain to exendin 4




I1zokibep

NA

NA

NA

NA

NA

ABY-035 or IMG-
020

Vobrarilizumab

Ozoralizumab

(ATN103)

Sonelokimab

(M1095)

M6495

B1655088

26

45

28.1

Two affibodies anti-II-

17 and one ABD

Bispecific nanobody
anti-116 and anti SA

domain

Trivalent bispecific
nanobody anti-TNF- a

and anti SA domain

Trispecifc nanobody
anti-human interleukin
(IL)-17A, IL-17F, and
anti-SA

Bisepcific nanobody
anti-ADAMTS-5 and
anti-SA

Bispecific nanobdy anti
chemokine receptor

CX3CR1 and anti-SA

Multiple
autoimmune

diseases

RA

Plaque

psoriasis

Osteoarthritis

atherosclerosis

NCT04713072

NCT02101073

[109]

NCT01007175
NCT04077567

NCT03384745

NCT03224702
NCT03583346

NCT02696616
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NA MP250 Tri specific DARPin, Multiple NCT03418532
anti-VEGF, ani-HGF myeloma NCT03136653
and anti-SA

Table 7: Anti-serum albumin fusion proteins in clinical trials or in the market. FDA: Food and Drug Administration; hrPCA: Hormone refractory

prostate cancer; GLP1R: Glucagon-like peptide 1 receptor. NA: not available. RA: Rheumatoid arthritis
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4. Methods for protein modification

The emergence of protein engineering in the last half century has led to several improvements
in the design of attached groups and the approaches of conjugation. Covalent ligations can be
performed on different accessible amino acid residues located on the surface of proteins,
allowing a stable conjugation of several kinds of therapeutic payloads. In this section the
different chemical and enzymatic reactions used either for a random or, site-specific
conjugation of proteins are described. Bioconjugation strategies presented below are not

limited to applications for extending therapeutic protein half-life.

4.1. Chemical reactions

4.1.1. NHS ester ligation

Random coupling to aliphatic lysine residues (via carbamate, urethane of amide linkage) has
been the gold standard for protein conjugation since decades thanks to its ease and high yield
in organic synthesis (Table 8).1'%01 Lysines are highly prevalent in proteins (i.e., they represent
from 6 to 10% of the sequence) and they stand as one of the most reactive amino-acid towards
several reagents.[!11 Activated carboxylic acid esters, such as N-hydroxysuccinimide (NHS),
placed at one of the termini of the entity to attach, react in basic medium (pH: 7.9-8.5) with

€-amine groups of lysine to form a peptide bond (Table 8).

O]

'e) O
R *op N R R1)LN/\/\/R2
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Scheme 1 : Reaction between N-hydroxysuccinimide (NHS) ester bearing moiety and the
aliphatic NH; function of a protein lysine residue.

While the NHS ester is predominantly used to perform conjugation on lysines, it can also react
with the imidazole group of histidines or the hydroxyl group of tyrosines depending on the pH
and the temperature of the reaction. If fixed ratios of NHS to proteins lead to a quite
reproducible grafting in the average number of conjugated moieties, their distribution is

widely dispersed with an heterogenous mixtures of unconjugated protein and protein



conjugated with one or more moieties. By contrast, imidazole-1-sulfonyl azide can convert
histidine amines to azides at pH 8.5 which can then react with an alkyne group bearing payload
(Staudinger reaction or strain-promoted azide-alkyne cycloaddition), resulting in a more
limited number of conjugates.[*2l Random conjugation can potentially alter protein activity or

antigen-binding affinity in the case of immunoglobulins if conjugation is made on CDR regions.

Despite product heterogeneity, the NHS ligation has been successfully applied in a wide range
of therapeutic applications and particularly for the preparation of PEGylated conjugates of

foreign proteins with reduced immunogenicity (cf. 2.1.2. Immunogenicity).

To circumvent the drawback of heterogeneity, numerous further strategies have been
investigated to perform site-directed conjugation on sites not involved in the protein function
with controlled stoichiometry and minimal structural consequences. One attractive site to
perform selective conjugation is the a-amino group of the N-terminal amino-acid.[*'3! The N-
terminal amine is basic and charged at physiological pH. It is solvent-exposed in about 80% of
the cases as demonstrated by in silico studies performed on 425 monomeric proteins.[''* The
N-terminal a-amine has a basic pK; (~7.8) lower than that of lysine amino groups (pKa ~ 10.5),
due to the inductive effect of the carbonyl group situated nearby. At acidic pH, the proportion
of NH; to NHs* for both the alpha-amino and Epsilon-amino groups is low although higher for
the alpha-amino than for the Epsilon-amino groups. Nucleophilic attack of the alpha-amino
group on NHS esters (acylation) or aldehydes (alkylation) is then favored at acidic pH.
However, the pH of the reaction should not be too low to avoid degradation of the protein
and a too low reactivity of the alpha-amino group.'®! Chemoselective targeting of the N-
terminal a-amine represents an asset to obtain reproducible well-defined protein mono-
conjugates with more uniform PK/PD properties. One of the best examples of the efficiency
of such conjugation is the approval of Pegfilgrastim (Neulasta®), a human granulocyte colony-
stimulating factor conjugated to a linear 20 kDa-PEG via reductive alkylation at slightly acidic

pH (4.5-4.8; Table 1).[116]
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Scheme

Site-

Chemical conjugation Sites of modification Advantages Drawbacks .
entry specific
Lysine . . Heterogenous labeling No
1 NHS Est Simpl d reliabl
Ster N-terminus (acid pH) Imple and reliable Risk of decreasing protein functionality Yes
REdl.JCEd cystel.ne Simple Heterogeneous labeling No
. Cysteine C-terminus . . - . . . .
2a Maleimide . . Can increase protein stability Requires genetic engineering Yes
Engineered cysteine Homogeneous labelin Requires genetic engineerin Yes
THIOmabs® g & q & & &
2b bis-Thiol maleimide Cysteine disulfide bridge Homogeneous Iabelln'g' Risk of disulfide scrambling Yes
Increase structural stability
. Homogeneous labeling
2c Aryl palladium Cysteine Preserves functionality Toxicity of palladium Yes
complexes e
Stable towards oxidation
2d Aldehyde Cysteine N-terminus Stable Requires first-step genetic engineerin Yes
y ¥ Mono-labeling q Pe & &
Heterogenous labeling
3 Hydrazine Oligosaccharides pH-dependent cleavage Limited to glycoproteins No
Risk of undesired cleavage
g Toxicity of nickel
4 NTA HlStld[cr;?;a;iuNS- orC- Mono-labeling Requires genetic engineering to add HisTag on Yes
the protein
Lysines, cysteines or post Covalent, quick, highly specific, 2-steps approach *
> IEDDA NNAA non-toxic Risks of TCO isomerization No™/Yes
N- or C-terminus Difficult engineering process Ves

NNAA incorporation

Homogeneous labeling

Risk of immunogenicity

Table 8 : Overview of the main chemical reactions used for protein bioconjugation. IEDDA: Inverse-electron-demand Diels-Alder cycloaddition;
NNAA: non-natural amino acid; NTA: Ni-nitrilotriacetic acid; TCO: trans-cyclooctene. *If random labeling on lysines.



4.1.2. Reactions on cysteine residues

To circumvent the randomness of lysine conjugation, other approaches have been developed
for coupling on cysteine, tyrosine, arginine, or histidine residues either via chemical reduction
of amino acid side chain functions or addition of reactive amino acids by genetic
engineering.'¥’l The most predominant reactions, summarized in Table 8, involved
maleimides, diazonium salts, or metallocarbenoid reagents.'’¥! Maleimide coupling occurs
between the high nucleophilic cysteine residue and thiol-reactive groups (Scheme 2a). A
thioether bond is formed through the hetero Michael addition, attaching covalently the thiol
group to the payload. Maleimide reaction above pH 8 should be avoided because reaction

with amino groups may take place.

R1\/S
R SH + || N-R, —> N-R,
(@) (@)
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& + | N-Rs3 I 1 | N-Rs
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N + ] — N
R1 NH, H™ "R, o) §
o} R2

Scheme 2 : Main reactions for the bioconjugation of moieties on cysteine residues. (a)
Reaction between maleimide and a free cysteine. (b) Bis-thiol maleimide reaction on protein-
bearing reduced cysteine. (c) Aryl-palladium complex reaction on free cysteine. (d) Aldehyde
reaction on N-terminus free cysteine.

However, cysteine is one of the three less abundant amino acids in proteins, along with
tryptophan and methionine, with a preponderance of about 1.7% of free cysteines on the

protein surface.l'’®] Most of protein cysteines are involved in disulfide bridges, catalytic
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residues or enzymatic and nucleophilic functions.[*2% This limitation implies the need for a first
genetic engineering step to add a solvent accessible free-cysteine, generally located at the C-
terminus of the protein which can easily react with maleimides. This approach has gained high
interest since the past decade due to the increasing need for homogenous conjugates for
biomedical applications. Single cysteines at the C-terminus easily oxidize to form protein
dimers or glutathione adducts, which should first be reduced by reducing reagents —such as
tris(2-carboxyethyl)phosphine or 2-mercaptoethylamine— to obtain reactive sites.!120-121]
After reduction of the disulfide bridge, free cysteines can be alkylated with payloads
functionalized with maleimide function. This alkylation allows the covalent attachment of the
payload to the protein.['?2l For instance Certolizumab Pegol (Cimzia®) is produced by
conjugation of a single cysteine added at the hinge region of the anti-TNFa Fab antibody

fragment to a 2-armed 40 kDa PEG.

Thioether bonds are however prone to thiol-exchange reactions and can undergo a retro-
Michael exchange process, particularly towards serum albumin or glutathione at physiological
pH.[123 Hydrolysis of the thioether bond may influence PK or have consequences on PD and
the non-desired cleavage of the payload from the protein can induce off-target toxicity.
Alternative maleimide constructs and reactions to cysteine residues have therefore been
investigated to generate physiologically stable conjugates via the formation of irreversible
thioether linkage. Next-generation maleimides have been developed, with functionalization
of some leaving groups in position 3 or 4 of the maleimide to obtain covalent linkages and
preserve the maleimide scaffold for a second thiol addition.[123% 124 This strategy consists first
in reducing the intramolecular disulfide bridge to obtain two free reactive cysteines and then,
reforming an intermolecular bridge with a bifunctional payload such as dibromomaleimide
(Scheme 2b).[*2%] Rebridging with a dibromopyridazinedione construct itself carrying two
orthogonal reactive handles could be utilized to introduce two distinct functionalities on the
disulfide bridge.!*2%! This conjugation method provides a homogeneous labeling as well as the
precise control of stoichiometry associated with a higher stability of conjugated proteins
thereby leading in enhanced PK/PD properties.l'?32l Furthermore, dibromomaleimide and
dibromopyridazinedione cross-linking reagents are both highly stable towards hydrolysis and
highly reactive with cysteine residues.'?’l Comprehensive reviews about the chemical

mechanisms underlying the conjugation with maleimides are available here.[*23]
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Recent approaches to avoid retro-Michael addition have been published. One of them consists
in performing a transcyclization reaction between a maleimide moiety and an N-terminal
cysteine to obtain a 6-member ring locking the thioether moiety. The trapping of the thioether
can be an elegant tool for synthesizing more stable maleimide protein conjugates.[*28] Other
teams suggested to perform self-hydrolyzing of the maleimide, right after conjugation, to
make them lose their reactivity towards thiols.['2! An interesting work also suggested that
maleimides thiol adducts can be stabilized easily through stretching by mechanical force via
mild ultrasonication.!'3% However, those promising up-to-date maleimide strategies are still

at the stage of proof-of-concept and have not been applied in products in clinical trials yet.

The environment surrounding the conjugation site is involved in thiol-exchange or hydrolysis
of maleimide payloads. Junutula and co-workers demonstrated the negative influence of the
conjugation site on solvent accessibility, charge, propensity to maleimide exchange and
downstream impacts on PK and pharmacology.[*31 By comparing an antibody conjugated to
monomethyl auristatin E (MMAE) at different sites in the heavy and light chains of the Fab or
Fc regions the authors observed disparities in the therapeutic activities. The conjugation of
MMAE on the light or heavy chain of the Fab region were the most appropriate sites for
inhibiting tumor growth and improving survival in mice. The observed differences were
correlated with the respective pharmacokinetic properties of the conjugates, the Fab-light
chain conjugates showing the highest stability in blood. Mass analysis suggested that both the
maleimide exchange from the antibody conjugate and the hydrolysis of succinimide ring in the
linker influenced conjugate stability and therapeutic activity. To avoid such deleterious
effects, the same team developed the THIOmabs® technology by engineering two cysteines in
the constant domains of Fab fragment of antibodies, one in each arm, thus generating two
known sites of bioconjugation for stable thioether linkages.[*3? These sites have been carefully
selected using a phage display-based method to avoid alteration of domains involved in
antigen binding functions. Such genetic engineering strategy revolutionized protein
bioconjugation with its ability to induce minimal conformational changes in the antibody
structure and functionality.

Some alternatives to maleimide reaction for selective conjugation to cysteine residues have
also been investigated, among them, the use of metal complexes, such as palladium (Scheme

2c).1'331 Briefly, a biarylphosphine bearing palladium reagent is used to transfer an aryl group
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onto a cysteine residue then form a covalent thioether bond. Proof of concept of aryl
palladium (ll) conjugation has been demonstrated on different proteins such as antibodies,
protein A, and sortase A.[133-134 The thiol arylation with such metal complexes is interesting as
it results in highly stable bioconjugates towards oxidation and acid degradation. However,
applications in biological systems remain difficult due to the toxicity of palladium.

A cysteine residue positioned at the N-terminus of a protein can be selectively conjugated due
to its distinct 1,2-aminothiol functionality.!3] Thereby, aldehydes-bearing payloads can react
with the N-terminal cysteine to form thiazolidines without interfering with other nucleophilic
residues such as serines, lysines or other internal cysteines (Scheme 2d). However, the
reaction occurs in acidic conditions (i.e., pH 4-5), exhibits slow kinetics (up to 2 days) and
requires high concentrations of reactants.[!3¢] A recent study demonstrated that the reaction
induces quick dissociation of about 10 to 25% of the payload depending on the pH. These
observations suggest that this approach could be more appropriate for pro-drugs or antibody-
drug conjugates —for which the detachment of the payload in endosomes could be an asset

for therapeutic efficacy— than for the conjugation of long-acting nanomedicines.37]

4.1.3. Glycosylation of proteins

Glycosylation is generally achieved via posttranslational modification through an enzymatic
process allowing the conjugation of glycans to the chains on asparagine (i.e. N-glycosylation),
serine or threonine (i.e. O-glycosylation) (Scheme 3).[138] Protein glycosylation is strongly
dependent on the expression system used as the expression system induces variations in the

nature and number of glycans added, which can affect the biodistribution of the protein.
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Scheme 3: Bioconjugation on oligosaccharides using a hydrazine-bearing moiety.

Selective conjugation of glycans on N-glycoproteins is performed using hydrazine reactive
moieties, based on the oxidation of hydroxyl to aldehyde groups in oligosaccharides using
sodium periodate. A covalent bond is thus formed between the aldehyde and the hydrazine
group allowing the conjugation of a wide variety of functionalized materials.[*3°l However, the
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hydrazide reaction of oxidized glycans as well as the purification methods to remove the
unconjugated moieties highly influence the efficiency, stability, and functionality of the N-
glycoprotein conjugates.[**9 Such bioconjugation strategy remains mainly used for in vitro
protein immobilization, purification or in vivo identification and quantification in diagnostic

applications more than for developing hanomedicines.*41

4.1.4. N- or C-term conjugation via Ni-nitrilotriacetic acid (NTA)

Nickel (1) chelate complex of nitrilotriacetic acid (Ni%*-NTA) was originally developed for the
immobilization of His-tagged proteins on a surface, as required for BIACORE analysis
systems.[142 However, due to the complementary interaction between the His-Tag and Ni(ll)-
NTA this approach is also attractive for site-specific bioconjugation at the His-tag of
recombinant proteins (Scheme 4).[*43] Complexation of NTA-bearing moiety with protein N- or
C-term His tag exhibits an affinity of about 10® M. The reaction is fast and selective and

generally allows to preserve protein activities.
\<
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Scheme 4 Bioconjugation at N- or C-term of histidine residues using Ni-nitrilotriacetic acid
(NTA).

NTA demonstrated interesting results with the possibility to either conjugate fluorescent
probes to proteins or to directly target specific His-Tag proteins in cells (with cognate cell
ligand-bearing protein) thereby offering great opportunities for specific protein tracking in
living systems with minimal alterations on the protein structure, function, or localization.[*44
Other metals such as Cobalt (I1) or (Ill) have also been used with the NTA system to target the
protein His-Tag and demonstrate high stability as well as inertia towards ligand exchange.[14°]

However, to date, NTA was mainly applied to nanoparticles engineering and did not succeed
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in in vivo experiments yet, an issue resulting from its versatility, reversibility, and metal

toxicity.

4.1.5. Bioorthogonal click chemistry

Bioorthogonal click chemistry encompasses different highly-specific and rapid chemical
reactions that occur in living systems, at physiological pH and temperature, without the need
of a catalyzer and where the chemical moieties used are totally inert towards biological
molecules which ensures biocompatibility.['#¢] A decade ago, bioorthogonal click chemistry
started to be investigated for in vivo protein labeling especially using polymers, toxins,
radionuclides or cytotoxic molecules.[**”! Bioorthogonal chemistry conjugation is performed
in a two-steps approach where the protein is first conjugated to a highly reactive chemical and
then the counterpart chemical bearing the moiety to attach is added in a separate step. One
of the most popular bioorthogonal reactions is the inverse-electron demand [4+2] Diels-Alder
cycloaddition (IEDDA), which occurs between a poor electronic diene, such as 1,2,4,5-tetrazine

(Tz) and a dienophile alkene such as trans-cyclooctene (TCO) to form a covalent bond (Scheme

5) . [146-147]

Scheme 5: Inverse-electron demand Diels-Alder (IEDDA) cycloaddition between trans-
cyclooctene (TCO) and 1,2,4,5-tetrazine (Tz). The covalent bioorthogonal reaction is
associated with a release of N,. Note: inverse reaction with R1-linked Tz followed by the
addition of R2-TCO works also but is less described.

TCO (or Tz, as the invert reaction is also feasible) is conjugated to proteins through different
ways.[18] The most common method remains the random conjugation on lysine residues.
However, site-specific conjugation, via engineered cysteine residues, C-term residues or other
amino acids incorporated by genetic engineering (cf. 4.1.6. Non-natural amino-acid
incorporation), has been used in the last few years to control reaction stoichiometry and avoid

modifications on the functional part of the protein. Thanks to a high reaction kinetic rate (i.e.,
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k2 up to 108 M1s!), IEDDA allows conjugating proteins to theranostic payloads either before
in vivo administration (direct protein modification) or by delaying administrations of protein
and payloads by a few minutes to several days (indirect protein modification) for a binding
occurring directly in vivo.l*8] The latter is especially appropriate for pretargeting in a 2-steps
strategy developed to reduce off-target toxicity induced by long-acting antibody carrying
cytotoxic payloads.[1#6147] However, the IEDDA reaction is also an interesting tool to conjugate

PEG or SA to protein for the development of long-acting medicines.

The major drawback of this reaction arises from the isomerization of TCO into its inactive
isomer cis-cyclooctene which occurs over time after protein-TCO has been administered in
blood due to non-specific interactions with transition metals.'*? Indeed, cis-cyclooctene is
the most favorable conformation as the cis position of the C=C in the cycle is more stable. TCO
is thus synthesized from cis-cyclooctene by photochemical conversion and has to undergo
quality check before any coupling as it is prone to isomerize.l*>% The risk of isomerization has
to be particularly considered for pretargeting strategies and implies limiting the delay
between the injection of the protein-TCO and the payload-bearing Tz. However, in the case of
direct coupling before in vivo administration of the complex, the risk of isomerization remains

negligible, TCO being highly stable in PBS during several weeks.14%"]

Click chemistry progressively becomes a very useful tool in biochemistry, especially for protein
bioconjugation due to its ease of use. Another bioorthogonal reaction, the strain-promoted
azide-alkyne cycloaddition (SPAAC) has recently demonstrated efficacy for site specific
PEGylation of fibroblast growth factor 2 with a slightly improved half-life in mice.[*> Today,
about a dozen of bioorthogonal click reactions have been developed for in vitro or in vivo
applications. The choice of the appropriate reaction is highly dependent on the reaction rate,
the type of protein targeted, the moiety to attach and the desired application.[*>? While those
reactions are specific, catalyst free and non-immunogenic, their application in living systems
are recent and still challenging. The TCO/Tz IEDDA cycloaddition was the first bioorthogonal
reaction to enter clinical trials last October 2020 for application in oncology as an antibody-

drug conjugate (NCT04106492).

4.1.6. Non-natural amino-acid incorporation
Genetic engineering can be used to insert non-natural amino acids (NNAA) in proteins to allow

site-specific chemical conjugation at known sites without involving natural amino acids from
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the original protein sequence.l>3 NNAA are incorporated genetically by reprogramming a
rarely used codon or a non-sense codon in the gene of interest achieved by an orthogonal pair
aminoacyl tRNA synthetase (aaRS) that loads a specific tRNA with a NNAA. The selected NNAA-
specific synthetase must not recognize any host tRNAs or cognate amino acids while the
orthogonal tRNA anticodon must not be aminoacylated by any host aaRS and should be
mutated to recognize a stop codon or a non-sense codon (Figure 3).[*>* The amber stop codon
TAG is frequently used for NNAA incorporation as this codon is rarely used in E. coli and is one
of the lowest used in humans (i.e., occurrence of TAG in humans: 23%).1%°! Today, over 80
NNAAs have been encoded into proteins in several prokaryotic and mammalian in vivo
expression systems leading to proteins functionalized either with PEGs, chemicals or

radionuclides.[1%6]

Gene of interest

\ TAG

tRNA"cy N NNAA
mRNA —-
%00 €
Ribosome
+
Orthogonal aminoacyl-
tRNA-synthetase
TCO*A Azide (AzF)
T
(o} N—N=N
|
: #L-Iysine ® L-phenylalanine
Protein OR Protein
tRNA*
Examples for insertion of bioorthogonal chemicals

(NNAA)

Figure 3 : Incorporation of non-natural amino acids (NNAA) bearing bioorthogonal moiety
into a protein via the Amber stop codon (TAG) approach. Examples with the incorporation of
trans-cyclooctene-L-lysine (TCO*A) and p-azido-L-phenylalanine (AzF). Adapted from
reference (%7,

Recently, cell free synthesis has been developed as a rapid, cost-effective and virus-free
process for manufacturing protein bearing NNAA. Employing an M. jannaschii TyrRS-derived
synthetase/tRNA pairs, Otting and co-workers succeeded to incorporate a variety of NNAA,

such as para-acetyl-L-phenylalanine, bipyridyl-phenylalanine or L-(7-hydroxycoumarin-4-yl)
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ethylglycine in E. coli-based cell-free expression system but failed to incorporate para-azido-
L-phenylalanine required for further click chemistry reaction.['*®! Later, another team
succeeded to incorporate para-azidomethyl-L-phenylalanine for performing strain-promoted
azide-alkyne cycloaddition.[*>32] Thereby, NNAA has been effective in human cells for the
incorporation of amino-acid bearing bioorthogonal components such as azide moiety (for
Staudinger or strain-promoted azide-alkyne cycloaddition) or cyclooctene moiety (for IEDDA
cycloaddition) into eGFP expression plasmid (Figure 3).1'*° P-azido-L-phenylalanine was
incorporated in eGFP via the orthogonal M. jannaschii TyrRS-derived synthetase/tRNA pairs
and the E. coli aaRS encoded on two separate plasmids while TCO-L-lysine incorporation was
mediated by an orthogonal tRNA/aaRS pair from Methanosarcina mazei co-encoded on a

single plasmid.

Since the last decade, NNAA incorporation has gained increasing interest as it enables the
attachment of various organic probes to proteins without inducing deleterious modifications
of the functional region of proteins. Compared to classical chemical reactions on solvent free
amino acid residues, the NNAA approach is advantageous as it allows selective conjugation of
moieties while preserving the moiety linkage from the risk of unspecific cleavage. However,
the need of genetic engineering on proteins is a constraint, in terms of cost, materials and
time of accomplishment, which can be a major drawback in comparison to easy and quick
chemical conjugation on lysines or cysteines. To date, there is no protein-conjugated NNAA in

the market yet as this approach is in its early stage preclinical development.

4.2. Chemo-enzymatic reactions
Chemo-enzymatic reactions are an excellent way to selectively conjugate payloads to
proteins; the main approaches are summarized in Table 9. Enzymes can be used either to tag
the protein or as a catalyzer for chemical conjugation. Chemo-enzymatic reactions can be used
on WT or genetically engineered proteins, thereby combining different conjugation
approaches to obtain optimal conjugates with tightly controlled stoichiometry.['% The choice
of the method is critical to obtain proteins conjugated with optimal PK/PD and stability. A wide
variety of molecules can be conjugated to proteins, each with specific purposes, ranging from
polymers to antibodies, enzymes, toxins, drugs, cytokines or other proteins.[*60-1611 |t s also
interesting to note that combinations of different moieties can be performed to multiply

different desired effects.
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Chemo-enzymatic conjugation Sites of modification Advantages Drawbacks Site-specific

Heterogeneous labeling

(Strept)avidin toxicity Yes/No

Biotin Lysine Simple

Homogeneous labeling Engineering of LPXTG motif

Sortase LPXTG glycine tag Recreates original sequence motif Yes
Need high molar excess
OaAEP1 Glycine-Valine Homogenou§ I'abellng . Engineering the modified motif Yes
Does not recreate the original sequence motif
Transglutaminase Glutamine Highly homogeneous labeling Requires a first-step of genetic engineering Yes
GalT/sialT Asparagine Homogeneous labelin Multi-steps engineering Yes
parag & & Oxidation of methionine residues
GalT/GalNAz Asparagine High homogeneous labeling Multi-steps engineering Yes
GlycoConnect Serine or threonine Homogeneous labeling Multi-steps engineering Yes
Formylglycine generating enzyme Cysteine Homogeneous labeling Engineering of CXPXR sequence Yes

Table 9: Overview of the main chemo-enzymatic reactions used for protein conjugation. GalT: B-1,4-galactosyltransferase; GalNAz:
galastosyltransferase N-azidoacetyl-galactosamine; LPXTG: lysine-proline-X (any amino acid)-tyrosine-glycine tag; SialT: a-2,6-sialytransferase.



4.2.1. Biotinylation

Biotinylation is one of the easiest ways to modify proteins with enzymes (Table 9). Biotin (also
known as vitamin H, vitamin B7 or coenzyme R) is a small cofactor of 244 Da for carboxylase
enzymes present in all living organisms. Avidin is a positively-charged tetrameric protein of
about 60 kDa naturally found in white eggs of birds, reptiles and amphibians; its bacterial
analog, streptavidin, being produced by Streptomyces avidinii.l**? The interaction between
biotin and (strept)avidin is one of the strongest known non-covalent biological reaction with
a Kp of about 101> M at pH 5.0. The ligation is also quick, highly specific and highly stable,
allowing the reaction to resist the action of protease or denaturant agents and occurs even
under harsh conditions such as high temperature or pH, an asset for stable attachment of

polymers, proteins, fluorophores or other payloads.[162

Chemical conjugation of biotin, often performed on lysine residues generates heterogenous
products. However, biotin ligase can also be used as a catalyzer for the enzymatic conjugation
of biotin derivatives onto proteins thereby leading to homogeneous products.[16% 1631 This
technology is ATP-dependent and requires a biotin ligase, such as BirA which is produced in E.
coli, and a previous step of genetic engineering on the protein to add a polypeptide sequence
(e.g., AviTag peptide as specific substrate of BirA enzyme) specific for the enzyme.*®¥ Indeed,
Schatz and coworkers have found a sequence of 13 amino acids to be the minimal substrate
for BirA enzyme (i.e. LXYIFEAQKIEWR, where X = any amino acid and Y = any except L, V, |, W,
F or Y). In order to improve the rate of biotinylation, the sequence has then been improved
several times resulting in AviTag (GLNDIFEAQKIEWHE), BioTag (ALNDIFEAQKIEWHA) and other
derivatives. Briefly, the Tag peptide is genetically inserted either at the N- or C-terminus or
even in exposed loops of the target protein. The co-addition of BirA, biotin and ATP in the
reaction medium forms an intermediate biotinoyl-5’-AMP stuck in BirA ligase until the enzyme
recognizes the Tag sequence. Metabolization of the Tag substrate by BirA release the
biotinoyl-5’-AMP intermediate which reacts with the proximal lysine residue contained in the

sequence of the Tag fusion protein for covalent bioconjugation (Figure 4).
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Figure 4: Site-specific enzymatic biotinylation using BirA ligase. BirA recognizes specifically
biotin and the 15-amino acids AviTag sequence genetically inserted in the N- or C-terminus of
the target protein. The ATP-dependent reaction results in the formation of biotinoyl-5"-AMP
intermediate stuck into BirA until the ligase recognizes the lysine of the AviTag peptide. The
acylation of the lysine forms a covalent bond between the AviTag-fused protein and biotin.
Biotin can then react with wild-type (strept)avidin for in vitro protein detection or be
conjugated with (strept)avidin-bearing payload for direct in vivo administration or for indirect
pretargeting strategies.

Site-specific functionalization of proteins using biotin ligase has been demonstrated for
numerous applications, as for example for the in vivo quantification of protein-protein
proximity of Sox2 and Oct4 transcription factors, the labeling of cell surface proteins or to
conjugate polymers, other proteins or chemical payloads.!'®] However, if such strategy brings
an interesting prospective, (strept)avidin immunogenicity still impedes further clinical

development.[166]

4.2.2. Transpeptidation

A number of transpeptidases, including sortase A from Staphylococcus aureus, (the most
extensively used), butelase-1 from the tropical plant Clitoria ternatea and OaAEP1 from the
cyclotide-producing plant Oldenlandia affinis have been used to modify proteins site
specifically (Table 9). These enzymes cleave the peptide bond of a specific motif (cleavage
motif highlighted in red in Figure 5) and form a new peptide bond with an incoming
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nucleophile composed of specific amino acids (the receiving motif highlighted in green in
Figure 5) to which a payload of choice is attached. The payload is often another peptide or
protein but importantly, non-genetically encoded functional groups can be fused to proteins
according to this approach given that they are synthetized and chemically grafted to the
appropriate cleavage or incoming motif (Figure 5). Such non-genetically encoded functional
groups include PEG, dyes, biotin, oligonucleotides, radioisotope, unnatural amino-acid, lipids,
or carbohydrates.['®7] Since the reaction is carried out in organic solvent-free mild conditions,
most proteins can be modified according to this approach without affecting their structure
and stability. The unique requirement is that they can first be equipped, at the appropriate
location, with a cleavage sequence and/or an incoming sequence by genetic engineering and
produced recombinantly. The specific design features required depend on which terminus of
the protein the modification is desired and on which enzyme or combination of enzymes is
used. A short, flexible linker often composed of GlysSer repeats is usually added between the

target protein and the engineered cleavage site.[*®)
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A. Sortase

C-terminal labeling

Protein — (GGGGS)n- -HisTag
+

(G)n—
l Sortase

Protein — (GGGGS)n- (G)n —

Payload (PEG, protein, toxin, drug, etc.)

N-terminal labeling

— (GGGGS)n-
+
(G)n —  Protein

l Sortase

— (GGGGS)n- (G)n — Protein

X =any amino acid except Pro

B. OaEP1

N- and C-terminal labeling

His-ENLYFQ-GV —  Protein — NGL

+
d His,-OaEP1
— Protein — N 7%
+
%— NGL
l Hisg-OaEP1

%—N — Protein — N —%

C. Butelase + Sortase

C-terminal labeling of dimeric protein
Protein — (GGGGS)n-

Protein — (GGGGS)n-

+

@ " 0@

Butelase l Sortase

Protein — (GGGGS)n- (G)n *‘

Protein — (GGGGS)n-NX X, —

Payload 1

. Payload 2 X = Leu, lle, Cys or Val

Figure 5: Site-specific modification of proteins using transpeptidases. In A-C, the cleavage
motif and the incoming nucleophile motif are shown in red and green, respectively. (GGGGS)n
constitutes the linker. A) Sortase A-mediated modification of a protein at its C- or N-terminus:
Sortase A specifically recognizes the LPXTG (X= any amino acid) motif. It mediates the
bioconjugation by cleaving the bond between threonine (T) and glycine (G) for binding the
desired moiety, fused -via an oligoglycine. B) Sequential double labelling of a protein with two
fluorescence probes via OaAEP1. C) Simultaneous labelling of a dimeric protein (with an

intermolecular disulfide bond) using butelase 1 and sortase A.
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Sortase. Sortase, as the other transpeptidases, can be used to modify proteins at their C-ter
and/or N-ter.['®® |n order to modify a protein at its C-terminus, a specific LPXTGG cleavage
motif is added by genetic engineering to the C-terminus of a protein of interest, while an
incoming nucleophile G(n) motif is added -by genetic engineering or chemical synthesis- to
the N-terminus of the payload to be ligated. If the protein has to be modified at its N-terminus,
then the receiving nucleophile motif should be genetically engineered at this position, while
the cleavage motif is added to the payload. An illustration of these two scenarios is given for
sortase A-mediated modification in Figure 5 A. With a specific design of the target protein,
sortase has also been used to prepare unnatural C-to-C fusions of two different proteins or to
label the protein at the internal position of its sequence.[1672. 1681 The completion of the sortase
reaction recreates the sequence motif originally recognized by the enzyme, so that the
reaction is reversible. In the absence of an adequate concentration of incoming nucleophile
motif, the acylenzyme intermediate is remarkably stable, and the reaction is driven to
completion only in the presence of a significant molar excess of the incoming nucleophile.[*672]
The reconstitution of the cleavage motif in the ligation product prevents, therefore, the use
of WT-Sortase A to successively label a protein at both its N- and C- termini. One of the first
applications of sortase to protein engineering was the conjugation of cytokines with PEG to
extend the cytokine half-life via direct coupling with a GG-PEG payload.[*”® Sortase is also
capable of protein cyclization to improve the stability of a protein. To achieve this the
nucleophile GG is added to the N-terminus of the protein, while the LPTXGG motif is attached
to the C-terminus.[*’% To circumvent the poor kinetic parameters of WT sortase, mutational
variants of sortase A, with at least 3-fold improved catalytic efficiency compared to the WT
enzyme, have been produced leading to a better coupling yields.['7! Moreover, recent studies
with a series of sortase mutational variants showed, that different variants can lead to
substantially better results according to the protein modification that is desired. Thus, there
is not such a thing like a unique sortase able to perform all kinds of reactions efficiently, but a
set of variants each one dedicated for a specific application. A comprehensive comparison of
different variants is available in the work carried out by Li et al.'’2l Moreover, new
transpeptidases, with specific characteristics, have been recently identified such as VyPAL2.
(1731 |n addition, from the 3D-structure of different transpeptidases and their mutational
variants, the molecular bases underlying efficient ligase activity start to be understood and

could be used for the rational engineering of enzymes with the desired catalytic activity.!1”3
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Moreover, optimisation of transpeptidation protocols involving for example the use of
immobilized enzymes allows to reduce significantly the amount of enzyme needed and it

should allow to scale-up reactions for an industrial use.[*74

Recently, the sortase reaction has been a matter of extensive research in the field of imaging
and radiology. One example is the labelling of nanobodies with *In for single-photon
emission computed tomography (SPECT).[*7>) In this approach, a nanobody is tagged with the
motif LPTXG at its C-terminal and the peptide GGGKY is functionalized with the chelating
agents CHX-A"-DTPA and NOTA to bind to the radioactive isotope. The sortase catalyzes the
site-specific incorporation of the chelating agent at the C-terminal of the nanobody yielding a
stoichiometric and homogenous product that can be easily separated by size-exclusion
chromatography. Among the numerous applications of labelling antibodies in radiology, the
image-guided surgery is one of the most innovative and has a high potential to become a
standard practice in oncologic surgery in the future.l'7®! |t however requires a precise and rapid
delimitation of the tumor to be excised in the course of a surgery with exquisite contrast to
normal tissues. Given their versatility, specificity, and the short time needed to attain high

contrast, nanobodies are very promising is this field.[1”]

Butelase. The cysteine-transpeptidase butelases show a substantially higher catalytic
efficiency than sortases and a shorter recognition motif (D/N-HV), leaving an N residue after
cleavage. The recent peptide specificity characterization of the recombinant enzyme in E. coli
using an affibody model has allowed the synthesis of cyclic hydrophilic doxorubicine
conjugates with conserved affinity towards EGFR-overexpressing A431 cells.l'78! Given the
superior catalytic efficiency of this enzyme, and the possibility of E. coli expression, we expect

substantial progress in protein engineering strategies based on butelases in the coming future.

OaAEP1. In the case of OaAEP1, by screening different nucleophile motives, Rehm and
coworkers identified a GV dipeptide that readily served as a nucleophile in the ligation
reaction, but the product of that reaction (NGV) is poorly recognized by the enzyme.[167° Thus,
the ligation product is resistant to the reverse reaction and this allows a straightforward
efficient site-specific sequential modification of a protein of interest both at the C and N
terminus using the same enzyme (Figure 5 B). Such an approach was efficiently used to
prepare a nanobody functionalized with two fluorescent probes: Cy7,5 at the C-Ter and

fluorescein at the N-ter.'®’°l The nanobody was first equipped with (i) a TEV protease
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recognition sequence (ENLYFQ) at the N-terminus, followed by the GV sequence.[*67?l The TEV
sequence initially protects the GV sequence from the attack of the enzyme, and (ii) a C-
terminal NGL. In a first reaction, the C-terminus of the nanobody was fused with a Cy7.5-
labeled GV nucleophile, generating the NGV sequence at the C-terminus. Then, TEV was added
to the reaction mixture to remove the ENLYFQ sequence and thus expose the GV nucleophile
at the N-terminus. Finally, the N-terminus was fused with a fluorescein-labeled NGL probe,
while leaving the C-terminal NGV sequence generated in the first ligation intact. The labeling
at each step was higher than 90% as determined by MS and the product could be purified
easily using an IMAC chromatography (i.e., the His-tagged transpeptidase and TEV bind to the
column) and a cut-off filtration to remove enzymes and probe between steps. A similar
strategy was used to create polymerized proteins step by step in a rationally-controlled
sequence.[!”? WT OaAEP1 has low kinetic parameters that limit its utilization in bioconjugation
of proteins, nevertheless the mutation C247A substantially increases the catalytic efficiency

of the enzyme. 8%

Dual site-specific coupling using a combination of transpeptidases. Interestingly, since each
transpeptidase possesses a specific cleavage and receiving motives, it is possible to use a
combination of two of them to label a protein at two distinct sites in a one-pot reaction and
thus creating multimodal proteins (Figure 5 C). For example, sortase A and butelase 1 were
used to label an 1gG at both the C-terminus of its light and heavy chain.[*®® The IgG was first
modified genetically to add a sortase LPETGG cleavage motif at the C-terminus of the light
chain and a butelase NHV cleavage motif at the C-terminus of the heavy chain. Two different
fluorescent probes bearing an appropriate incoming nucleophile motif were synthetized: (ii)
an oligo-glycine peptide bearing 5,6-carboxyfluorescein (GGG-FAM) and an alanine-leucine
peptide bearing the AlexaFluor 647 fluorescent (AL-Alexa). The modified 1gG was incubated
with GGG-FAM, AL-Alexa, sortase A and butelase 1 at 4 °C for 15 h followed by incubation at
37 °Cfor 4 h. The yield of labelling for each fluorescent probe was higher than 95%. A simple
centrifugation-based size exclusion was used to remove unincorporated dyes and to obtain
pure dually modified 1gG. Another dual labeling involving two transpeptidases (i.e. butelase
and VyPAL2) in one single pot allowed to modify an EGFR-targeting affibody with a fluorescein
tag and a mitochondrion-lytic peptide at its respective N- and C-terminal ends.[*”®! Moreover,

butelase was used in conjunction with a t-clamp conjugation to conjugate the C-terminus of
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a scFv-Fc of the 4B3monoclonal antibody (i.e., a mAb specific for the human EphA2 receptor
which is overexpressed in glioblastoma) simultaneously to a rhodamine and a fluorinated

biphenyl-PEG11-fluorescein.[18

4.2.3. N-and O-glycan engineering

N- and O-glycan engineering is a recent tool for embedding chemical reporters within glycans
via the N-glycan terminus of asparagine residues using multi-steps chemo-enzymatic reactions
(Table 9). At first, this approach was developed to label glycans directly in cells with chemical
reporters for diagnostic detection, in the same way as GFP has been for proteins. Using
endogenous biosynthetic cell-surface pathways, chemical reporters have been embedded in
glycans via the metabolic introduction of sialic acid, N-acetylgalactosamine or N-
acetylglucosamine monosaccharides bearing azides (Figure 6 A).[*° Selective
glycoconjugation has proven to be effective for PEGylation of FVIII (Esperoct®) and rFIX protein
(Refixia®) commercialized for the treatment of hemophilia A and B, respectively.l*8? CMP-
activated sialic acid-6’-40 kDa PEG was first transferred using sialyltransferase to terminal
galactoses of O-linked glycan of N8 peptide (FVIII protein) or N-glycans of N9 peptide (rFIX
protein) and then sialylated by addition of excess unmodified CMP-sialic acid. The reaction
achieved a product yield of about 99% and glycoPEGylation preserved the biological activity

of the protein.[183]

Recent advances in post-translational remodeling of native glycan located at specific
asparagine residues (e.g., Asn-297) —via the combination of [B-1,4-galactosyltransferase
(GalT) and a-2,6-sialyltransferase (SialT)— within the Fc domain of mAbs allow to incorporate
sialic acid moieties.'® The latter is then mildly oxidized to introduce functional aldehyde
groups which can subsequently be conjugated with aldehyde-reactive aminooxy bearing
payload (Figure 6 B).[!3%] However, the oxidation of sialic acid for the conversion into aldehyde
also induces the oxidation of methionine residues, an issue requiring new optimizations.
Thereby, a recent chemoenzymatic bioconjugation strategy, called GlycoConnect, uses
endoglycosidase S to hydrolyze the chitobiose core of Asn-297-linked heavy chain Fc glycans
(Figure 6 C). Then, B-1,4-galactosyltransferase T (Y289L) and N-azidoacetylgalactosamine are
both added to the reaction medium of the immunoconjugate to incorporate azides into the
residual glycan chains.['8®! The azido residue finally allows to perform click chemistry to

conjugate several kinds of conjugates, ranging from biological (peptides, proteins, toxins,
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oligonucleotide) to chemicals (cytotoxic drug, radionuclide, fluorescent probe, nanoparticle).
To improve the therapeutic effect, dendronized chemical structures can be clicked to the azide
moiety thereby providing several binding moieties with minimal modifications on the
antibody. This recent strategy was efficient to conjugate 8 reactive TCO (4 on each part of the
IgG1 Fc) with only two sites of modification for pretargeting purposes. The dendrimeric
scaffold demonstrated specific interaction and showed a significantly higher uptake in tumors

than the non-dendronized one.[186b]
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4.2.4. Formylglycine generating enzyme

In aerobic conditions, the formylglycine generating enzyme oxidizes cysteine and serine side
chains into formylglycine (Table 9).[!%7! Physiologically, formylglycine-generating enzyme
activates type-l sulfatases by post-translational generation of the catalytic C*-formylglycine
leading to the conversion of a cysteine (C) or serine (S) residue embedded in a highly
conserved C (or S) XPXR minimal motif (X = any amino acid, P = proline, R = arginine), into an
aldehyde-bearing formylglycine, with a conversion rate of 75% to 90%. Formylglycine-
generating enzyme is an interesting strategy for site-specific bioconjugation as this system not
only recognizes the required motif in sulfatases but also in recombinant proteins engineered
with the minimal motif CXPXR, called “aldehyde tag”, allowing the introduction of
bioorthogonal reactive chemicals in the protein of interest (Figure 7). Indeed, aldehydes are a
highly reactive electrophile suitable for bioorthogonal reactions such as aminooxy or
hydrazide reagents to form oxime and hydrazine conjugates, respectively, as previously
described in the sections “4.1.2. Reactions on cysteine residues” and “4.1.5. Bioorthogonal

click chemistry” 1188]
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The formylglycine generating enzyme method is quite simple, only requiring to encode the
CXPXR motif at the desired site of the gene of interest in an appropriate expression vector to
be inserted at the N- or C-terminus of the protein or within internal regions to facilitate a

protein desigh without critical alterations of protein stability or functionality.[18

Thereby, the formylglycine generating enzyme is efficient for site-specific PEGylation of

proteins or for the conjugation of fluorogenic probes and payloads. However, its main
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application deals with oncology for the construction of antibody-drug-conjugates.[18 1901 Tg
improve the conversion rate, recent attempts have been made with copper(ll)-containing
media as a catalyst of the reaction. Despite improving the in vitro activity 20-fold, the toxicity

of copper makes application in living systems challenging.[*°1]

5. Conclusions and perspectives

The high specificity of their biological activities renders proteins particularly attractive drugs
for the treatment of a wide range of diseases. Yet, many proteins are rapidly cleared from the
systemic circulation and need to be injected several times a week or even a day to patients.
This high therapy burden jeopardizes patient quality of life, patient adherence and therapeutic
outcomes of medications. Therefore, a major medical need for biologics with a prolonged half-

life has arisen and protein engineering and chemistry have been able to answer this demand.

The discovery that conjugation to PEG was able to decrease protein immunogenicity and to
prolong blood circulating half-life has been the first significant milestone in the field.
PEGylation resulted in the marketing of several biobetters with prolonged half-life comprising
a few PEGylated conjugates of prokaryote and animal proteins. These latter are particularly
remarkable because they are able to relieve severe human diseases such as leukemia and
severe combined immunodeficiency disease. Yet, the non-biodegradability of PEG represents
a limitation of this polymer and scientists have turned to natively disordered polypeptides
such as XTEN, PAS, and ELP as PEG alternatives. In addition to biodegradability, polypeptide
polymers are genetically fused to the parent biologic and can be expressed in E. coli. Although
no polypeptide fusion proteins have reached the market yet, several are in clinical

development.

In parallel to conjugation to polymers, scientists have exploited the FcRn-mediated recycling
pathway to design proteins with prolonged half-life. Therefore, IgG and albumin have been
harnessed to prolong the half-life of proteins by either fusing the therapeutic protein to a FcRn
binding region or by fusing the therapeutic protein to a molecule that non covalently binds to
albumin. Etanercept, the first biobetter based on FcRn recycling, has been marketed in 1998.

It is a fusion protein between the TNFQ receptor and the Fc of an IgG1 antibody. Most of the
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Fc- and albumin-fusion proteins have been produced by genetic engineering. The second
approach where the therapeutic protein is fused to molecules binding endogenous SA has also
resulted in several marketed biobetters and insulin Detemir is certainly the most known.
However, research and development are still on-going in this area and molecules binding

albumin are sought in bacterial proteins as well as antibody fragments.

Several biobetters have been easily produced by genetic fusion. However, others have
required more complex chemical or chemo-enzymatic reactions. Initial reactions have used
the abundance of lysine residues in proteins to randomly ligate polymers. Although random
conjugation causes a significant loss in protein activity, it is also the most effective to cover
antigenic sites and to decrease the immunogenicity of non-human proteins. Therefore, the
interest in random conjugation is expected to persist in the coming years. Yet, the chemistries
mostly investigated lately have involved site-specific ligation in order to avoid grafting
peptides or prosthetic groups too close to the active site and losing protein activity. In this
regard, chemo-enzymatic reactions are an excellent way to selectively conjugate payloads to
proteins. Selective glycoconjugation has proven to be effective for PEGylation of coagulation
factors with the recent marketing of Nonacog beta pegol and Turoctocog alfa pegol in 2017

and 2019, respectively.

In this review, we emphasized the intense activity and the constant development of the
protein engineering field to provide biobetters with optimized PK profiles to patients. Yet,
challenges and opportunities remain. Up to now, only PEGylation has been investigated as an
approach to decrease protein immunogenicity. Because PEG is non-biodegradable, substitute
biodegradable polymers should be identified with this goal. The abundance of IgGs and
albumin in blood and their long serum half-life have made them ideal target carriers for
engineering therapeutic protein constructs with extended circulation time. The future is likely
to witness the use of immunoglobulin-binding domains, as alternatives to albumin-binding

domains, to prolong the half-life of proteins.
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