1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Expert Opin Drug Metab Toxicol. 2012 May ; 8(5): 581-595. doi:10.1517/17425255.2012.673585.

Pharmacokinetics of Recombinant Bifunctional Fusion Proteins
Xiaoying Chen, Jennica L. Zaro, and Wei-Chiang Shen'

Abstract

Introduction—The development of biotechnology has enabled the creation of various
recombinant fusion proteins as a new class of biotherapeutics. The uniqueness of fusion proteins
lies in their ability to fuse two or more protein domains, providing vast opportunities to generate
novel combinations of functions. Pharmacokinetic (PK) studies, which are critical components in
preclinical and clinical drug development, have not been fully explored for fusion proteins. The
lack of general PK models and study guidelines has become a bottleneck for translation of fusion
proteins from basic research to the clinic.

Areas covered—This article reviews the current status of PK studies for fusion proteins,
covering the processes that affect PK. According to their PK properties, a classification of fusion
proteins is suggested along with examples from the clinic or under development. Current
limitations and future perspectives for PK of fusion proteins are also discussed.

Expert opinion—A PK model for bifunctional fusion proteins is presented to highlight the
importance of mechanistic studies for a thorough understanding of the PK properties of fusion
proteins. The model suggests investigating the receptor binding and subsequent intracellular
disposition of individual domains, which can have dramatic impact on the PK of fusion proteins.
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1. Introduction

Since the production of recombinant human insulin about 3 decades ago, recombinant
proteins have become an important class of therapeutics with dramatically increased
numbers and frequent use. The further development of recombinant technology allows for
the production of not only natural proteins, but also novel proteins that do not occur in
nature. The pharmacokinetic (PK) and pharmacodynamic (PD) properties are a challenge for
the development of protein drugs, and have been extensively studied 1. However, the PK/PD
properties of bifunctional fusion proteins are less well characterized than protein drugs with
single domains such as hormones, growth factors, and monoclonal antibodies. Bifunctional
fusion proteins, constructed by fusing the genes of two proteins together, combine the
functions of the parent proteins in order to improve their PK and PD properties 275, or to
introduce novel approaches in drug delivery or targeting ©. Six currently FDA approved
fusion protein drugs including Enbrel® (TNF-R/Fc-1gG1), Ontak® (IL-2/diphtheria toxin),
Orencia® (CTLA-4/Fc-1gG1), Amevive® (LFA-3/Fc-1gG1l), Arcalyst® (IL-1R/Fc-1gG1l),
Nplate® (TPO/Fc-1gG1), Nulojix® (CTLA-4/Fc-1gG1) and Eylea® (VEGFR1&2/Fc-1gG1)
have foreshown the advent of many more fusion protein drugs ’~°. Fusion protein drugs
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have significant clinical impact, belonging to the top four most lucrative biotech sectors. The
combined sales of the first four fusion protein products has reached US$ 3.7 billion 10,

2. Current status of the PK study of fusion proteins

2.1. Absorption

Due to their relatively large molecular size (compared to small molecular drugs) and
susceptibility to chemical and enzymatic degradation, many fusion protein drugs cannot be
efficiently absorbed via non-invasive routes such as oral administration, and therefore are
often administered invasively, e.g., intravenous or subcutaneous administration. Following
subcutaneous administration, the absorption of drugs to the cardiovascular pool can either go
through the blood capillary or through the lymphatics. It was suggested that compounds with
molecular weight up to 1000 Dalton permeate the blood capillary very efficiently, and are
hardly absorbed via the lymphatics 11. As macromolecules, the permeability of fusion
proteins through the blood capillary is generally low, and their absorption to the blood
mainly depends on the lymphatic vessels 1. The molecular weight of proteins has been
suggested to have a linear relationship with the lymphatic absorption, where larger
molecular weight results in increased lymphatic absorption 11. Proteins with molecular
weight larger than 16,000 Dalton are mainly absorbed via the lymphatic draining, with more
than 50% of the drug recovered from the lymphatics 1.

Although most fusion protein drugs are administered invasively, with the aid of functional
domains which can be transported across delivery barriers, many fusion proteins can be
absorbed via non-invasive means, such as oral and pulmonary routes 12. For instance,
transferrin (Tf)-fusion proteins can be orally absorbed via the Tf-Tf receptor transcytosis
across the intestinal epithelium cells 13-15, Another platform of Fc-fusion proteins enables
pulmonary absorption of protein drugs via an immunoglobulin transport system (neonatal Fc
receptor, FCRn, transcytosis) present in the upper and central airways. Protein drugs such as
erythropoietin (Epo) or interferon beta (IFNP) have been fused to the Fc fragment of 1gG
and successfully applied to noninvasively deliver bioactive proteins into the systemic
circulation 16: 17 These fusion proteins greatly enhance the absorption of the protein drugs
across delivery barrier, and will be further discussed in the Section 2.5.

2.2. Distribution

Similar to many protein and peptide drugs, the apparent volume of distribution for fusion
proteins is usually small, and is limited to the volume of the extracellular space due to their
low membrane permeability resulting from their large size and hydrophilicity 18. PK of
fusion proteins may exhibit single-exponential, bi-exponential or multiple-exponential
profile which can be well characterized by one, two or multiple compartment models
comprised of central and peripheral compartments 1%-21, The central compartment primarily
represents the vascular space and the interstitial space of well-perfused organs, while the
peripheral compartment represents the interstitial space of poorly perfused tissues. Thus, the
volume of distribution of the central compartment(\V/¢) in which peptides and proteins
initially distribute after intravenous administration is typically 3-8 L, approximately equal to
or slightly higher than the plasma volume. Examples include interleukin 2 (IL-2)-diphtheria
toxin fusion protein (an immunotoxin targeted toward IL-2 receptor bearing T-cells) and
immunocytokine EMD 273066 huKS-IL2 (a fusion protein composed of two IL-2 molecules
genetically fused to a humanized monoclonal antibody against adenocarcinoma-associated
antigen), which display a V¢ of 6 L 2223 and 3.9-7.1 L 24, respectively. The steady-state
volume of distribution (Vss) frequently comprises with 14-20 L, generally not more than
twice the volume of distribution of the central compartment 25. However, it should be noted
that Vss is commonly calculated using non-compartmental analysis (NCA) methods, which
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assume first-order disposition processes with elimination occurring from the rapidly
equilibrating or central compartment 26-28, This assumption is frequently not met for protein
drugs that distribute to the peripheral tissues and undergo significant protease degradation,
and therefore Vss by NCA needs to be carefully calculated to avoid potential over-or under -
estimation 29 30,

In many cases, when one or more of the protein domains in a fusion protein bind to intra-
and extravascular proteins in the tissues, the biodistribution is not only affected by blood
perfusion and permeability, but also by the biodistribution of the binding target, its
expression level, turn-over rate, etc. Under these circumstances, active tissue uptake can be
observed. For example, fusion proteins with targeting moieties (e.g. immunotoxins,
immunocytokines) are designed to actively target the drug to disease sites with high target
expression. Immunocytokine L19-IL-2 fusion protein, for example, intends to selectively
deliver IL-2 to tumor vasculature using antibody fragment L19 to ED-B, a domain contained
in the angiogenesis-associated isoform of fibronectin (B-FN). Twenty-four hours after
injection, biodistribution studies in tumor-bearing animals suggested a tumor-to-blood ratio
of 33 and a tumor-to-normal tissue ratio higher than 10 31,

On the other hand, fusion proteins with delivery moieties can distribute to tissues, such as
the brain, that are not generally permeable to large molecules, thereby influencing the
biodistribution. For instance, fusion proteins with transferrin (Tf) or anti-Tf antibody domain
have been applied for active drug delivery across the blood-brain barrier (BBB). Tf is an
iron-binding protein that transports iron for absorption, storage, and utilization by the body.
Abundant Tf receptors (TfR) can be found on the brain capillary endothelium. After binding
to TfRs on the BBB, the fusion proteins undergo transcytosis with the TfR and are able to
across the barrier 32: 33,

2.3. Elimination

The elimination pathways for fusion proteins are very similar compared to protein and
peptide drugs with a single protein domain. The major pathways include proteolysis, renal
elimination, hepatic elimination, as well as receptor-mediated endocytosis. However, due to
the different elimination mechanisms of each individual domain and their interactions, the
elimination of fusion proteins can be much more complicated than single-domain protein
drugs.

Proteolysis can be very substantial for peptides and small proteins, resulting in their short
half-lives, ranging from several minutes to several hours 2°. One approach in overcoming
this challenge is to fuse the peptide/protein drug to a large carrier domain, making it less
accessible to protease digestion. For example, Glucagon-Like Peptide-1 (GLP-1) is a ~4
kDa peptide with potent activity in stimulating insulin release in a glucose-dependent
manner, and is a potential therapeutic drug for type Il diabetes 34. However, the peptide is
subject to rapid digestion by peptidases in vivo 3°, limiting its clinical applications. In order
to improve the stability for human use, several GLP-1 fusion proteins have been studied.
Albiglutide, consisting of two repeats of modified GLP-1 fused to albumin, and LY 2189265,
consisting of IGG4-Fc fused to two modified GLP-1 peptides, both demonstrated a
prolonged half-life of 4-5 days in human subjects (REF). In both examples, GLP-1 was
modified to protect from dipeptidyl peptidase-1V cleavage 36: 37, Additionally, through the
fusion of GLP-1 with Tf, the resultant GLP-1-Tf fusion protein was resistant to inactivation
by peptidases, and had a half-life of approximately 2 days, as compared to 1-2 minutes for
native GLP-1, in mice 38. This fusion protein, PF-04603629, has been clinically tested in
2008 but the results are not yet available.
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Renal elimination can also constitute a significant portion of protein and peptide drug
elimination, especially for those with small molecular weight (MW). The glomerulus in
kidney has a sieving effect and can filter many protein drugs. Size, molecular conformation,
and charge of the protein drug may affect the filtration rate of the glomerulus. Although the
size selectivity is not well-established, proteins with a MW of <15 kDa are generally filtered
freely in the glomeruli, while proteins up to 45 kDa are quite rapidly filtered, and proteins
between 45 to 60 kDa filtered only restrictedly. Proteins larger than 60 kDa are generally not
filtered through the kidney 3°. Many protein drugs (e.g. 1L-2,%0 IL -11,%1 growth

hormone, 42 and insulin 43) are effectively eliminated through this route. By increasing the
molecular weight, fusion proteins with large size may be able to minimize the renal
elimination, and gain much longer plasma half-life. Therefore, fusing carrier proteins with
large molecular size such as albumin, Fc of 1gG, or Tf to small protein drugs can not only
protect from proteolysis, but also decrease renal elimination to greatly prolong their half-
life. A single-chain human insulin-human serum albumin fusion protein showed an
elimination ty/» of ~ 7 h in normoglycemic mice, with a predicted elimination half-life of 50
h in human 44, which is much longer than the half-life of insulin (4-6 minutes) 4°. There are
many other examples including interferon-a-albumin fusion protein 46, growth hormone-
albumin fusion protein 47, factor V111 Fc fusion protein 48 49, factor 1X Fc fusion

protein %0, and growth hormone-Tf fusion proteins ! that have displayed prolonged half -
life and sustained activity /in vivo.

Although the hepatic elimination for fusion proteins are not as important as it is for most
small molecule drugs, some fusion proteins may be metabolized in the liver. The
metabolism of fusion protein is generally not conducted via the same enzymes as small
molecule drugs, such as cytochrome P450, but instead via proteolysis following endocytosis.
Fusion proteins containing protein domains that are metabolized in the liver (e.g. insulin 52,
tissue plasminogen °3), may have a significant hepatic elimination.

Receptor-mediated endocytosis and subsequent intracellular metabolism is a unique and
critical elimination pathway for many protein drugs. Following the binding of protein drugs
to receptors or targets expressed in target tissues, the endocytosis process of the complex
usually leads to degradation of the protein drugs in the lysosome. The receptor/target
binding exhibits high affinity (due to the specific binding) and low capacity (due to the
limited receptor/target number). This saturable elimination process is also described as
target-mediated drug disposition (TMDD) 4. Presumably, fusion proteins that are built from
protein domains may also follow the similar elimination mechanism. Since the elimination
of fusion proteins will be affected by two different domains, the PK of fusion protein can
become much more complicated compared to single domain proteins, as will be discussed in
more detail in this review.

2.4. Classification of fusion proteins according to their PK properties

When looking at the composition of fusion proteins, frequently, one domain conveys a
specific function or biological activity such as target activation or inactivation (e.g. ligand
for receptor), enzymatic activity(e.g. coagulation factors), or toxicity (e.g. diphtheria toxin),
whereas the other domain supplies more general functionality such as improving stability
and half-life, or providing novel targeting and delivery routes. The presence of two different
functional domains increases the diversity and the complexity of their PK properties.

According to the binding properties of the specific functional domain, fusion proteins can be
divided into two categories with distinct PK properties, where (7) binding to the biological
target does not lead to altered distribution and/or elimination, and (77) binding to the
biological target is responsible for altered drug distribution and/or elimination leading to a
loss of plasma concentration. Proteins in the first category include most drugs that bind
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soluble proteins (e.g. the receptor domain in Etanercept binds soluble tumor necrosis

factor %) or substrates (e.g. enzymes drugs such as Elspar and Alteplase), or protein drugs
used for specific indications that do not require binding to any specific cell surface target
(e.g. intravenous immunoglobulin to treat primary immunodeficiencies). Fusion proteins
with protein drug domains in this category have relatively simple PK profiles, since they
either have no target protein binding or their target binding does not lead to significant
elimination. For proteins in the second category, a unique TMDD clearance mechanism >4
can constitute a major elimination pathway. TMDD refers to the process where a protein
drug binds to its target with high affinity and to a significant extent (relative to the dose),
resulting in alterations in the plasma drug concentration due to high tissue binding and/or
elimination. This term is typically used to describe proteins that bind binding to cell-surface
receptors, and are internalized and degraded through receptor-mediated endocytosis (RME)
(e.g. interleukin-1, IL-1, domain in Rilonacept, which binds to IL-1 receptor on cell
surface °6). When the magnitude of the drug target (i.e. receptor) levels is similar or larger
than the plasma drug levels, drug elimination through RME can contribute a significant
fraction. TMDD can also apply to mechanisms other than RME. For example, some
monoclonal antibodies such as rituximab bind to surface antigens and are degraded via
antibody dependent cellular cytotoxicity. Additionally, other monoclonal antibodies such as
denosumab and omalizumab bind soluble IgE, but form trimer or hexamer immune
complexes that are recognized and degraded by phagocytosis. Since the elimination
processes are saturable, fusion proteins with protein drug domains affected by TMDD may
display nonlinearity in their PK profiles, and exhibit a dose-dependent plasma half-life 57.

On the other hand, according to the impact of the second domain on the PK characteristics,
fusion proteins can also be categorized into 3 classes (Figure 1). The first class contains a
protein domain such as Fc domains of immunoglobulin, albumin or Tf to extend the plasma
half-life of the fusion protein. In the second class, targeting moieties such as antibody or
receptor ligand are utilized to direct the fusion protein to specific cells or tissues. The third
class of fusion proteins utilizes the fusion partners to increase the absorption of the protein
drug across various delivery barriers such as intestinal epithelium, pulmonary epithelium or
BBB.

PK of the first class of fusion proteins containing carrier protein domain (e.g. Fc-, albumin-
or Tf- fusion proteins) is the most well-studied. The fusion of protein or peptide drugs with
Fc domain, albumin or Tf has been demonstrated as a feasible approach to greatly enhance
the plasma half-lives of protein and peptide drugs 38:8: 59, The Fc, albumin and Tf proteins
are suitable carrier proteins due to the following several reasons: First, they have molecular
weights high enough (53 kDa for Fc domains, 67 kDa for albumin, and 80 kDa for Tf) to
enable the fusion protein to evade the glomerular filtration, which is one of the most
important clearance mechanisms for small proteins and peptides. Second, these proteins
have endocytic recycling mechanisms that account for their long plasma half-lives (7-21
days for human 1gG 99, 20 days for albumin, 7—10 days for Tf). After endocytosis, instead of
being sorted to lysosome and degraded, IgG Fc-domain and albumin can bind tightly to the
neonatal Fc receptors (FCRn) inside the acidic endosome, and are effectively recycled and
released at the cell surface due to lower binding affinity at neutral pH 61-64, Similarly, the
binding affinity of Tf to its receptor is high under acidic pH in the endosome, leading to
effective recycling of Tf after iron delivery inside the endosome 13. 6. 66 Third, the
endogenous counterparts of these proteins are largely abundant (endogenous concentration
is around the several grams per liter range); therefore, the administration of exogenous
fusion protein is unlikely to disturb the homeostasis of these proteins. Furthermore, as
discussed in Section 2.3, fusion with a large carrier protein can decrease proteolytic
degradation of a small peptide/protein drug. Examples for the first class of fusion proteins
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according to their second domain (including Fc-, albumin-, as well as Tf- fusion proteins)
are summarized in Tables 1-3.

The second class of fusion proteins according to their second domain, such as
immunotoxins 87 and cytokine fusions 68, specifically target the functional domain to the
disease sites using the targeting moieties and display favorable biodistribution 9. In a
biodistribution study conducted for Anti-Tac (Fv)-PE38, which is a single-chain
recombinant immunotoxin, the fusion protein was actively taken up by the tumor xenograft
in mice. At 6 hour after injection, over 6% of the injected dose/g was found in the ATAC-4
tumor expressing the Tac antigen 70, Uptake in the tumor was higher than in any other
tissues 0. The specific targeting effect of these fusion proteins permits the use of highly
toxic proteins to treat severe human diseases such as cancer. Examples of fusion proteins
with targeting effect are summarized in Table 4.

The last class of fusion proteins based on their second domain aim to facilitate novel
delivery for protein drugs. The delivery moiety usually takes advantage of the active
transport processes in vivo, such as the transcytosis of receptors across the delivery barriers.
The delivery moiety binds to these receptors, and delivers the fused protein drugs across
absorption barriers like Trojan horse 13- 71-73_ For example, Tf receptors are expressed on
the cell surface of various epithelium cells such as intestine epithelium, as well as BBB 13,
Insulin receptor were also found to be expressed on BBB 74. FcRn is expressed on the
intestine epithelium of human fetuses and adults 7°. These receptors are found to undergo
constitutive transcytosis 13- 71-73. 76 Thys, the ligands or antibodies against these receptors
can serve as carrier proteins to bind to these receptors and actively deliver protein drugs
across the absorption barriers. Examples of fusion proteins for drug delivery are summarized
in Table 5.

The fusion of a protein drug with the delivery moiety could significantly improve the
bioavailability of the protein drug in systemic circulation or tissue, which is otherwise close
to zero. Many of these fusion proteins were found to be able to deliver protein drugs across
the barriers at a pharmacologically active level. A recent example is the fusion of a human
insulin receptor monoclonal antibody (HIRMAB) to erythropoietin (EPO) for EPO delivery
across the BBB. The fusion protein showed a much higher brain uptake (6-10 fold)
compared to EPO. The brain uptake was estimated to be 2.1% ID/100 g brain, indicating the
peripheral injection of a very low dose of the fusion protein (1 pg/kg) in a 5-kg primate
would produce a therapeutic concentration of EPO in the brain /7.

3. Current limitations

In contrast to the rapid development of fusion proteins, the understanding of determining
factors that affect the PK of bifunctional fusion proteins is still very preliminary. Currently,
most PK studies focus on empirical PK parameter determination, rather than the underlying
mechanisms.

Due to the complexity of the bifunctional binding, there is no established guideline for
studying and comparing the plasma half-lives of fusion proteins. Various functional and
carrier domains possess inherent receptors with differences in tissue distribution, number of
receptors, and nature of binding. Therefore, it is difficult to compare the PK parameters of
two fusion proteins composed of different protein domains. In addition, when two protein
domains are fused together, the impacts of one domain on the other (e.g. changes in receptor
binding affinity, elimination mechanisms, biodistribution) are still largely unknown. It is
difficult to predict the PK profile of the fusion protein, and to design fusion proteins for
optimal PK characteristics.
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4. Mechanistic PK study of bifunctional fusion proteins

To solve the above challenges, a molecular, mechanistic approach is taken in our
laboratory 51, With the establishment of a mechanistic PK study for the fusion proteins, we
would like to provide insight into the following questions: (1) what impacts do the two
different functional domains have on the PK of the fusion protein? (2) How do the receptor
binding and the subsequent intracellular processing affect the plasma half-life of the fusion
protein? (3) After we identify the critical factors (e.g. receptor binding, intracellular
processing) affecting the plasma half-life, how can we design fusion protein to achieve the
optimal PK profiles?

Our laboratory took a unique approach to investigate the molecular mechanisms that affect
the PK of bifunctional fusion proteins. Bifunctional fusion proteins consisting of domain 1
(growth hormone (GH) or granulocyte colony-stimulating factor (G-CSF)) and domain 2
(TF) were constructed with 3 linker peptides inserted between the 2 domains (Figure 2) °1.
This approach enabled us to construct two series of fusion proteins containing the same
protein domains, with different linker peptides between functional domains. Linker peptides
have been applied to alter the receptor binding affinities of fusion proteins due to their
capability to control the distance between functional domains 78. With this design, we aimed
to generate fusion proteins that bind to the same receptors, but with different receptor
binding affinities.

By comparing their PK profiles, we could elucidate the molecular mechanisms that affect
the plasma half-life of bifunctional fusion proteins without the confounding factors (e.g.
different binding receptors, tissue distributions). Since the Tf-fusion proteins resemble many
fusion proteins with a carrier protein domain (e.g. Fc- or albumin- fusion proteins), the
mechanistic PK study can potentially be applied to other fusion proteins currently under
development for therapeutic use.

The results from our studies showed that insertion of linkers greatly affects the receptor
binding affinities in both GH-Tf and G-CSF-Tffusion proteins. The dipeptide-linked GH-
LE-Tf, which has the shortest linker, exhibited the weakest binding capacities for both GH
receptor (GHR) and Tf receptor (Tf R). On the other hand, with two other longer and rigid
linkers (cyclopeptide and helical peptide), GH-Tf fusion proteins exhibited stronger binding
capacities to both receptors. In the context of G-CSF-Tf fusion proteins, the G-CSF receptor
(G-CSFR) binding affinities were similar among the 3 fusion proteins, while the TfR
binding affinities were significantly different (Figure 2).

The generation of fusion proteins with different receptor binding affinities enabled us to
compare their PK profiles, and to elucidate the impact of receptor binding on the plasma
half-life of fusion proteins. When the PK of Tf-fusion proteins was assessed in mice, 3 GH-
Tf fusion proteins exhibited significantly different half-lives from each other (Figure 2).
Similarly, the plasma half-lives of 3 G-CSF-Tf fusion proteins were different. Despite
having the same component domains, change in receptor binding affinity dramatically
altered the half-life of the Tf-fusion proteins, suggesting the importance of receptor binding
in determining the half-life.

As discussed in Section 2.3, receptor binding and subsequent intracellular processing (e.g.
endocytosis and lysosomal degradation) have been suggested as a major elimination
pathway for many protein drugs 2°. TMDD effect is one example 4. However, in the
context of fusion proteins, the two protein domains may play different roles in the
elimination pathway, and their effects can be cooperative or contradictive.
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To evaluate the different roles of the 2 domains in affecting the half-life of the fusion
proteins, the impact of receptor binding in GH-Tf was first investigated through the
blockage of GHR binding by co-administration of excess free GH with GH-Tf (Figure 2).
The blockage of GHR binding significantly prolonged the plasma half-life of 3 GH-Tf
fusion proteins to a similar level (6 to 8 hours, not statistically significantly different from
each other). This result suggests that binding of fusion protein to GHR likely leads to
endocytosis and lysosomal degradation of the fusion proteins as reported for free GH 79. For
many protein drugs, the binding to their receptors will lead to the classic pathway of
endocytosis and lysosomal degradation 4. This process is a crucial factor in determining the
plasma half-life, especially for biotechnology pharmaceuticals. Our result indicates that,
similar to protein drugs, the receptor binding of a protein drug domain in a bifunctional
fusion protein can also cause the degradation, and constitute a major elimination pathway of
the fusion proteins.

Similarly, the effect of TfR binding on PK of GH-Tf was investigated through the co-
administration of excess free Tf with GH -Tf (Figure 2). With the blockage of TfR binding,
the half-life of GH-LE-Tf was significantly shortened, from 4.97 to 3.00 h, suggesting that
the TfR binding may help recycle the fusion proteins through the classic Tf-TfR recycling
pathway 80, and protect the Tf-fusion protein from intracellular degradation. The recycling
pathway for Tf has been widely reported, and accounts for the long plasma half-life of
serum Tf 65, Other supporting evidence is that with excess free GH competition, the half-
lives of the 3 GH-TT fusion proteins correlated very well with their TfR binding affinities.
When GHR binding was blocked, GH-cyclo-Tf, which has the strongest TfR binding
affinity, exhibited the longest half-life (Figure 2). This result is presumably due to the effect
of TfR binding in recycling of the fusion protein. These findings from GH-Tf suggest that
the two domains in fusion proteins can play completely opposite roles in regulating the
intracellular processing, and affect the plasma half-life differently. The receptor binding of
one domain (e.g. GH) may lead to degradation while the other (e.g. Tf) can salvage the
fusion protein. This feature is unique to the fusion proteins as opposed to protein drugs with
a single domain, and adds complexity into the PK studies of fusion proteins.

Not only can the two protein domains have distinct impacts on the plasma half-life, their
relative strength of impacts can also be different. For Tf-fusion proteins, our data indicates
that the effect of TfR binding is minor compared to GHR binding, since TfR binding only
prolongs half-life of the fusion protein with the weakest GHR binding affinity (i.e. GH-LE-
Tf). In addition, taking the fact that the half-lives of 3 GH-Tf fusion proteins correlate with
their GHR binding affinities, but not TfR binding affinities, our study suggests that GHR
binding is the primary binding site which overrides TfR binding in determining the plasma
half-life.

The PK study of G-CSF-Tf further supports our hypothesis about receptor binding and
intracellular processing of bifunctional fusion protein. The 3 fusion proteins with different
linkers possess similar G-CSFR binding affinity, but display significantly different TfR
binding affinity, indicating the difference in plasma half-life is mainly determined by TfR
binding (Figure 2). Since stronger TfR binding affinity of G-CSF-Tf correlates with longer
plasma half-life, this finding further confirms our conclusions from GH-Tf, that TfR binding
leads to the recycling of the fusion protein and prolongs their plasma half-lives.

Taken together, our study of Tf-fusion proteins suggests a novel mechanistic PK scheme for
bifunctional fusion proteins, focusing on the impact of receptor binding and intracellular
processing. The scheme highlights the concept that two domains in a fusion protein can play
different roles in affecting the plasma half-life. The GH/G-CSF domain in Tf-fusion
proteins, as a representative of the protein drug domain in many fusion proteins, binds to
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target receptors on the cell surface, leading to the subsequent endosomal degradation of the
fusion protein. On the other hand, the Tf domain, which resembles Fc and albumin domain
in other fusion proteins, retains the fusion protein in the recycling endosome, and protects
the fusion protein from degradation.

To the best of our knowledge, the PK model for G-CSF and GH Tf-fusion proteins was the
first PK study for fusion proteins focusing on molecular mechanisms such as receptor
binding and intracellular processing. This type of study establishes the mechanistic linkage
between the biochemical properties of the fusion protein (e.g. receptor binding affinity) to
the PK processes (e.g. distribution and metabolism), and can conceivably be applied to other
fusion proteins consisting of a protein drug domain and a recycling protein domain. Based
on the results, we proposed a mechanistic PK scheme for bifunctional fusion proteins, which
is illustrated in Figure 3. In the presence of abundant endogenous levels of the recycling
protein domain (i.e. Tf, albumin, Fc-domain), the fusion proteins first bind to the protein
drug receptor on the target cell membrane. This binding is considered the primary binding,
which enriches the fusion proteins onto the target cells. The binding of the fusion protein to
the protein recycling domain receptor is indicated as secondary binding, since it occurs after
the protein drug receptor binding, either at the cell surface (bivalent binding) or within the
acidified endosome following endocytosis. The relative strength of the two receptor binding
inside the endosome will determine the impact of each receptor on the plasma half-life of the
fusion proteins.

5. Expert opinion

5.1. Implications of the mechanistic PK study

Our study on the evaluation of GH-Tf and G-CSF-Tf fusion proteins provides several
implications for PK studies as well as the design of bifunctional fusion proteins. A critical
finding from the GH-TT studies was that fusion proteins are exhibiting TMDD through the
primary GHR binding site, which affects plasma half-life in a dose-dependent manner
(Figure 2). Although the half-lives of GH-Tf (~1.8-5 h) and GCSF-Tf (~4-6 h) were
prolonged compared to the free protein drug (<15 min and 1.74 h for GH and G-CSF,
respectively) (Figure 2) 51, they were substantially shorter than free human Tf in mouse (~25
h) (unpublished data). Therefore, depending on the properties of the primary binding site of
the fusion protein, TMDD may be a critical determinant for the plasma half-life. TMDD is
less of a concern for secondary binding of the carrier Tf protein, and also for other carrier
proteins including Fc-and albumin, due to the high endogenous concentrations of these
proteins. However, the secondary binding may become significant when either the primary
binding is approaching saturation (e.g., GH-Tf results), or fusion proteins exhibit
comparable primary binding affinities (e.g., G-CSF-Tf results). The findings also suggest
that, in order to achieve optimal PK profile of fusion proteins, a good balance needs to be
maintained between the binding affinities of the two domains, considering their different
roles in regulating the disposition. For instance, a design that favors recycling over
degradation may greatly enhance the plasma half-life. Due to the strong impacts of receptor
binding and intracellular processing on PK of bifunctional fusion proteins, the determination
of receptor binding affinities will be useful in predicting the plasma half-life. Additionally,
when translating the half-life between species, the differences in receptor binding affinity,
receptor abundance, turnover rate, and intracellular receptor routing are important
considerations. A feasible tool to fine-turn the receptor binding affinity, as applied in our
study, is linker technology. Linkers with various length and confirmation can greatly change
the receptor binding affinity, while maintaining the binding receptors constant between
constructs.
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5.2. Research to be done

Although several fusion proteins are on the market and many more are under development,
the systematic, mechanistic PK study of fusion proteins seems to lag behind. Currently, most
PK studies for fusion proteins are limited to basic PK profile determination (e.g. half-life,
Cmax: CL, AUC), or focus on half-life extension for fusion protein compared with the parent
protein drug. Without dissecting the fusion protein into individual domains, and looking at
their function separately, it is hard to catch the factors in fusion protein design that may have
critical impacts on the PK profile.

Considering the importance of mechanistic knowledge in assessing the PK of single domain
protein drugs (e.g. TMDD effect °#), bifunctional fusion proteins will benefit greatly from
mechanistic studies due to their high complexity. For instance, fusion proteins which
undergo recycling endocytosis (e.g. Tf, Fc- or albumin fusion proteins) may display
different underlying disposition mechanisms comparing to those with targeting effects (e.g.
antibody fusion proteins). Similarly, fusion proteins composed of different protein drugs
(e.g. toxin versus ligand for cell-surface receptor) may display distinct elimination
pathways. The molecular mechanisms affecting the PK may be generalized according to
their classifications as suggested in Section 2.4.

In order to advance the understanding of PK/PD of fusion proteins, it is important to
integrate the understanding of the molecular mechanisms that affect the disposition
(absorption, distribution, metabolism and elimination)with the PK/PD mathematical
modeling systems. Additionally, based on the knowledge of molecular mechanisms of each
domain in a fusion protein, mathematical PK/PD models can be adapted from simple protein
drugs with similar functional domains. There have been many studies focusing on modeling
the TMDD of therapeutic proteins with fully mechanistic, or simplified PK models (e.g.
quasi-equilibrium, or Michaelis—-Menten approximations) /- 81-83_particularly, Gibiansky et
al. extended the TMDD model from one binding target to two or more binding targets 84.
This proposed model is applicable to many bifunctional fusion proteins which bind to two
target proteins independently. However, caution should be taken for fusion proteins, such as
Tf-fusion proteins that exhibit sequential binding processes. The model by Gibiansky’s
group does not consider the dependence of the secondary target binding on the primary
binding. In these cases, detailed mechanistic models of the intracellular disposition that
utilize the TMDD framework should be applied instead. Krippendorff et. al. reported the
general modeling of the receptor -mediated endocytosis, and explicitly took into account
receptor binding and trafficking inside the cell 8. These models should be adapted to fusion
proteins by adding the complexity of two functional domains with individual receptor
binding and intracellular processing. Eventually, development of general mathematical
models and study guidelines for different classes of fusion proteins will provide a
comparable platform to enhance the overall understanding of PK properties and facilitate the
design and development of bifunctional fusion proteins with optimal PK and PD properties.

Another important area to explore is the immunogenicity, which may have great impact on
PK of fusion proteins. With chronic dosing, anti-drug antibody (ADA) formation is
frequently observed with biotech drugs, especially for unnatural proteins or those derived
from animals 888 Fusion proteins are constructed via the fusion of two or more proteins,
and therefore are foreign to the human body. Presumably, the protein fusion may create
novel structures and sequences that are potentially immunogenic. The presence of ADA can
alter the PK profile, and may also obliterate the biological activity of a fusion protein.
Because mechanisms underlying immunogenicity for fusion proteins and single domain
proteins are similar, the immunogenicity assessment strategy for fusion proteins may follow
the experiences from single domain protein drugs.
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5.3. Ultimate goal

The advance of biotechnology has been accelerating, and the number of new biomolecules
under drug development has been growing exponentially. Fusion proteins, as a unique class

of biotherapeutics, provide vast opportunities for treating various human diseases, but
present many challenges in their development as well. We envision that the PK study of
fusion proteins will take more mechanistic, systematic approach, similar to the trend for
other protein drugs.
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Highlights

* PK of fusion proteins can be much more complicated than that of single domain
proteins. Their distribution is usually limited, but can be improved by the use of
targeting domain to facilitate active tissue uptake, or by delivery domain to
access to areas that are not generally permeable to large molecules. Elimination
pathways include proteolysis, renal elimination, hepatic elimination, and
receptor-mediated endocytosis, and can be complex due to different elimination
mechanisms of each individual domain.

* According to the binding properties of effector protein domain, fusion proteins
can be grouped as: (/) possess no specific binding target, (/) bind to soluble
ligands or (/7)) bind to cell-surface receptors. According to the PK properties of
the other domain, fusion proteins can be grouped as: (/) possess carrier protein
domain, (//) possess targeting domain, (//7) possess delivery domain.

¢ A mechanistic PK study of bifunctional fusion proteins suggests the strong
impacts of receptor binding and intracellular processing on PK of fusion
proteins, highlighting the determination of receptor binding affinities will be
useful in predicting the plasma half-life.

e The establishment of general empirical and mechanistic PK models for
bifunctional fusion proteins can better characterize the contributions of each
domain to the absorption, distribution, metabolism and elimination.
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Figure 1.

Potential functions of Protein Domain 2 in a Fusion Protein. This domain usually serves a
general function to improve pharmacokinetic and/or pharmacodynamic properties (i.e.
Carrier domain). The possible functions may be to (1) increase /n vivo stability/plasma half-
life, (2) target specific tissues or cells, and/or (3) Facilitate transport or delivery to
inaccessible sites.
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GH/G-(?SF Linker Tf
Domain

Linker Sequence:

Dipeptide (“LE”): —LE-

Cyclopeptide (“cyclo”): -LEAGCKNFFPRSFTSCGSLE—-
Helical peptide (“(H4),”): -LEA(EAAAK),ALEA(EAAAK),ALE-

Domain

ICs, (nM) t,/, (h) with blocking
Protein GGC};?R . ty5 (h) +GH e
GH 5.8 - <0.25 - -
GH-LE-Tf 17.7 21.2 4.97+0.34 5.95+0.68 3.00+0.94
GH-Cyclo-Tf 8.2 42 1.76+0.27 8.66+2.98 2.14+0.05
GH-(H4),-Tf 7.0 8.7 1.87+0.44 6.73£2.05 1.61+0.75
G-CSF 113.1 - 1.74+0.14 - -
G-CSF-LE-Tf 38.0 7.5 4.15+0.75 - -
G-CSF-Cyclo-Tf 39.5 0.9 5.69+0.46 - -
G-CSF-(H4),-Tf 31.2 45 4.84+1.18 - -

Figure 2.
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Receptor binding and pharmacokinetic properties of various transferrin-fusion proteins.
Fusion proteins with different linkers were recombinantly produced inHEK293 cells. 1Csq

values from competitive receptor binding assays were performed in IM-9 cells for GH
receptor (GHR), NSF-60 cells for G-CSF receptor (G-CSFR), and Caco-2 cells for Tf

receptor (TfR) using 12°I-labeled proteins. The half-life values were determined following
intravenous administration of fusion proteins to CF1 mice in the absence and presence of co-

administered GH or Tf. The values represent mean + standard deviation (n=3 to 4).
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Figure3.

Proposed endocytic pathway and intracellular metabolism of fusion proteins. (1) Binding of
a protein drug to its receptor is considered primary binding. Due to the high presence of
endogenous carrier protein (i.e. aloumin, Tf) in the blood, binding to the carrier domain is
considered secondary binding. (2) The fusion protein will be internalized via RME, where
(3) proteins that remain boind to the protein drug receptor will be degraded in the lysosome.
(4) The relative strength of binding to the two receptors inside the endosome will determine
the impact of each receptor on the plasma half-life of the fusion proteins, where (5) proteins

that bind to the carrier protein receptor will be recycled and released from the cell.

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 July 22.



Page 21

Chenetal.

*10108} YIMOIB [e1]3Y10pUS JBINISEA ‘4DTFA ‘D-10J0B) SISOI08U JOWN) “D4N L ‘SIILIYLIE pIojewnayl ‘v ‘103oey yamolb [eusded

‘491d ‘snuyue aieniosd ‘vd ‘snyue aiyredolpl ajiusan( ‘| fuinapsiul ‘| ‘uswbely ajgezieisAio ‘94 ‘awolpuAs dipotiad parerdosse-uAdoAld ‘sdyD ‘snijApuods BuisolAue ‘Sy :uoire e Iqqy

Aunnoe
493A J0 uonezijennaN

uolelauaBep Jejnoew parefal
-abe (319/\\) Jejnasenoau

(z pue T ¥493A)  pue
T 101d3234 J039e} YIMoIB
le1jayiopua Jejnasep

491d ‘g-493A 'V-493A aj[-41ey Buojoid (uosauabay ‘es|A3) 1daassqiyy

uoneARoR
1189 1 juspuadap

juejdsues) Asuppy e BulAladal
syuaied 3npe ui uonoalal
ueflo o sixejAydoid

(7-v110) p-usbnue

9800 pue 08A0 91A00ydwAJ- 1 91X0101AD

a1|-j[ey Buojoid (qainbs s18AN-101 :x1fonN) 1daoerejeg

95

-1 4O UONEZI[EANAN

SdvO

(dowdT-1I1)
uia)04d A10ssadoe J0)dadal
T-711 pue J0ydadal T-7|
10 surewop Buipuig-puebi

-1l aJ1]-}ey Buojoid (uosauabay ‘1sAealy) 1dadeuoliy

16

Jo1dadal unaiodoquiosyl
0 uoneAndY

eindind o1usedoifaoquiosyy
a1yredoipt yum syusied
u1 elusedolfooquioly |

J101da0as unsiod-oquioay | ajll-4Jey Buojoid apndad (uabwy ‘a1e1dN) wnsojdiwoy

UOIeAIJOE
Tt (7-v1L0) y-usbnue (qqmnbs
06 1192 1 uapuadap VI pue vy 98Q92 pue 08AD ajll-4ley Buojoud g : R o
-98/0845 10 UONIGIYU] 91A00ydwA|- 1 91X01014D SI9AN-101SLIg ‘eIouaIQ) 1dadeleqy
Aianoe siseriosd ,
s DN J0 UonezifennaN | enbeyd pue Sy vd "It ‘Wi PINL 841I-4ey Buojoid yr4NL s.d (18z14djusbuy ‘|21qu3) ydsoleuely
UOIAI}OE
P - -usBnue ,
68 81Ao0ydwA| uspuadap sisenosd anbejd 2ad aJ1]-}ey Buojoid u o_ﬁmm:%w_un\_ﬂwmx:w_.m_mezz (se|19Isy ‘aAInaWYy) 1dadese)y
S0Us By e ssessig spbre| %id UO ufeLlop uR10Jd J01%9)13 (S1ureduico

swsiueydsw paesodo id

24 Jo 1pedw | Builosuods ‘sweu ape ) aweN

NIH-PA Author Manuscript

,.‘sutajoud uoisny-04 panoidde Q4 Jo sajdwex3

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 July 22.



Page 22

9

1s1uobe J01dadal ©-4N|

2 snieday ‘elwseyng|
piojaAw 21uoIyd ‘133UB)

J01d82al O-4N|

a4|-4[ey Buojoid

(0-4N1) P-UotapRI]

eydje-uossyngy

9€

1s1iuobe J0ydadal T-419

snyjaw salagelp g adAL

J01d3%al T-d19

a4|-4[ey Buojoid

(1-d719) T-8pndad aj1j-uobeon|o

(enouAs) spnn|bigly

€6

1s1uobe 101dadal 4SD-9

eluadonnaN

J01da%al 4SD-9

341|-}[ey Buojoid

(452-9)
10198} Buirejnwns Auojod a1A20jnuei9

(uiueabnapN) utuesbngy

5101d3231 10108}

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 July 22.

Chenetal.

26 sanaing ain|ie Leay d1uoIyD NBINLIRY eIy a}1]-}ey Buojoid apndad onainiiyeu adAl-g eAspIe)
. 1s1uoBe 101daoal ulnsu| Snyj[awW salaqeIp g pue T adAL J10ydagal uljnsu| ajl-4ey Buojold urnsuj o-ulnqv
UL BPY 10 wcm_cmﬂwwﬁmummoaoi asessid spbre| c_&m_nc_m Hho_m«%\m_urc_ uploud 101843 QweN
'suisjo.d uoisnj-uiwinge jeuonebinsaaul Jo ssjdwex3
Z39l|qelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript




Page 23

Chenetal.

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

8e 1s1uobe J01dsoal T-4719 snjjaw sejagelp z 8dAL | Joidsoas T-419 | ayil-4rey Buojoud (T-d719) T-8pndad aj1|-uobeon|o 31-T-d19
15 1s1uobe 101dadal 4SD-9 eluadosinaN J01dadal 450-9 | ap-4ey Buojold | (4SD-9) 1010y Buneinwiins Auojod alkaojnuels) | J1-4SD-9
15 1s1uobe 101dadal HO AKoualoigep HO J101d8231 HO ajl1-}ey Buojoid (H9) suowuoy Yymoio 11-HO
20U Py | uonoe Jo swsiueysew pasodod asess|g spbre | Md uo 1edw | uplo.d 4010943 aweN
suisjo.d uoisnj-uniiajsuel] feuonebnsaaul Jo sajdwex3
€9|qel

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 July 22.



Page 24

Chenetal.

sisiuobe
. : uigyoid g-a3 ay3 bunabiey
00T 4NL ‘siuenuins-ounwiwi J30ued g-a3 DANL ANL-6T1
‘s101q1yui sisauabolbuy Apoquue ureyo 3|6uts 671
sisiuoBe Joydagal slown} pijos Jayio
. : utaloud g-ag3 ayp Bunshie:
66 Z-T11 ‘siugnwins-ounwiwil pue 130uBd Bunj ||30-|eWS g-a3 %WQ_EM_ ,mm_%ﬁ_m:_.w mH._a - ugo4d uoisny Z-11-6T71
‘sionqiyui sisauabolbuy ‘eLWOUIdIBI0IRIS) 130URD UOJ0D : : :
y . Wv0d3 g
- SjuR[NWIS-OUNWIW| J190ueD ayelso.d ‘18oued UBLIBAQ WvDd3 01 spuIq APOQIIE [EUOJIOUOIY - UIN3JOW|32 qeWwnznioan |
5 SJUBINLINS-OUNWILY| BLUOUR|3W ‘BUIOISEIGOINSN 1139 10w Uo Apognue feuojoouow - (z-11-8T'¥TNY) £90€.2 AN

apisol|bueb zao

¢d9o-hue paziuewnH

96

sjueNWINS
sisojdode ‘sysiuobeiue zzad

ewioydwA|
S, U{BPOH-UOU ‘elWayNa|
1199 Aurey anAooydwA| a1uoayD

s|190-g
uo 10)da2a1 Zzdd

J01daoal
22ad ay syabrey yorym ‘Agsp

UIX0l0Xa seuowopnasd

(ST08-409) ST08-LVD

s101dadal asouyy

6 ssaudxa Jey s|1a9 Jueubijew saloueubijew |90 g s101dadal A9 (sA71g) Jorejnwins a1kooydwA| g UIX0} Uluojae SA1g-199.
01 UIx0} uluojab Bunsbire
s101dadal asoyp ssaidxa (1919) uraoxd

¥6

ey s|192 eubijew 0y
uixoy euayiydip Bunasbire ]

ewoydwA] 199-1 snoauein)

J01d92al g-1

¢

uoisny uixoy eusyiydig

(>fesuQ) xouyIp upna|ILSQ

8oUB B oY

uoliioe Jo Wsiueyss |\

asessiq

spbre |

urewop upoid Buipb re |

urewop uplo.d 1010943

aweN

NIH-PA Author Manuscript

1199449 Bunsbue) yum suisioid uoisny [euonebnsaaul Jo ssjdwex3

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 July 22.



Page 25

Chenetal.

sIso1osuel)

(avNYIH) 101d8d81

L Isiuofe Jojdedsi O3 Elwaue 101deda1 Od3 pajelpaw-101dadal ulnsul ybno.yy gag ssode AIaAIap asealou] SnouaAenUl uinsul uewny o} Apogiue [euojdoouow (0d3) utarodonphiz urajoid uoisny Od3-qVINUIH
s1solAosues) .

2 paiyioads Jou paiy1oads Jou paiyioads 10u poteipaw-101dacal 1| YBNOJU Gag SS01o8 AIBAIJSp 95eaIu] snouanenu| (1) unaysues | Apognue surajoud uoisny Apognue-utiiajsuel |

1siuoBe 101dagal 45D-9 eluadonnsN J01da2al 4SD-9 sisojkosues) le10 (1) unaysues | (4SD-9) J01oe} BuneNWIS-AU0]02 31490|NUEID 11-4S0-9

v : : pajerpaw-101dadal J1 yBnoiyy Ajiqe|reneolq aseaiou| : ; :
s1sojAosue.) ;

ST 1s1uobe J01dsdal HO Aousio1yap auowIoy YImols J10)da%al HO PaRIPaLLI-101d801 1 YBNOIU) A1N[IGE|IBABOIG 35E31U] le10 (1) unaysues | (HO) auowuoy Yymols 11-HO

101 Js1uofe 101dadas HSH AN[18)ul afeway pue ajew 10)da231 HSH SIS03A9suR.} paleIpawW-uyd4 Yytnolyy ANjige|ieAeolq aseaiou] Areuow|nd [e10 196 Jo urewop 24 (Hs4) auowuoy Bunenwns-s91j|104 94-HSH

20U JBJoY uol1oe Jo Wsiueys N asessiq spbre] Md uo uploid AAlRp Jo 1oedw | a0l ABAIRA urewop upiod AAIRA urewop up1o.d 101843 aweN

NIH-PA Author Manuscript

G 9lgel

NIH-PA Author Manuscript

A1aniap Bnup Joy suisroid uoisny feuonebnsaaul Jo ssjdwex3

NIH-PA Author Manuscript

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 July 22.



