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REVIEWS I

Overcoming the challenges in
administering biopharmaceuticals:
formulation and delivery strategies

In the past three decades since the launch of recombinant
human insulin, biopharmaceutical drugs — including
peptides, recombinant therapeutic proteins, enzymes,
monoclonal antibodies and antibody-drug conjugates
— have transformed the pharmaceutical industry. From
1989 to 2012 the number of marketed biotechnology
products grew from 13 to 210, while worldwide prod-
uct sales increased to US$163 billion'. Biotech products
accounted for 71% of the worldwide revenue generated
by the ten top-selling pharmaceuticals in 2012, up from
7% in 2001 (REF. 1). This transformation has similarly
affected development pipelines. Over 900 biopharma-
ceutical products are currently in development, targeting
diseases across a wide range of therapeutic areas and
representing nearly 20% of the total number of drugs
in the pipeline®. About 40% of these products are being
developed by large pharmaceutical companies'.

As a class, biopharmaceutical drugs offer the advan-
tages of high specificity and potency compared to small
molecules. These features arise from their macromolec-
ular nature, which provides the structural complexity
that is often required for specificity. However, this struc-
tural complexity also makes them some of the most
challenging molecules to formulate and deliver. Indeed,
the formulation and delivery issues of biopharmaceuti-
cals were recognized as major potential liabilities from
the earliest days of biotechnology, which partly made
them less appealing drug candidates. Loss of activity
in response to environmental triggers such as mois-
ture or temperature, which can occur during storage
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Abstract | The formulation and delivery of biopharmaceutical drugs, such as monoclonal
antibodies and recombinant proteins, poses substantial challenges owing to their large size
and susceptibility to degradation. In this Review we highlight recent advances in formulation
and delivery strategies — such as the use of microsphere-based controlled-release
technologies, protein modification methods that make use of polyethylene glycol and other
polymers, and genetic manipulation of biopharmaceutical drugs — and discuss their
advantages and limitations. We also highlight current and emerging delivery routes that
provide an alternative to injection, including transdermal, oral and pulmonary delivery
routes. In addition, the potential of targeted and intracellular protein delivery is discussed.

or in the body, puts a substantial burden on formulation
technologies. The high molecular mass of biopharma-
ceutical drugs also creates delivery challenges, namely
a substantial reduction in permeability across biological
barriers such as skin, mucosal membranes and cell
membranes, which means that injection is currently the
primary mode of administration. Delivery of biopharma-
ceutical drugs to specific sites — for example, intracell-
ular targets — is also challenging owing to their poor
membrane permeation’.

In spite of these challenges, novel parenteral formu-
lations and delivery strategies have enabled the launch
onto the market of numerous successful products,
including products based on luteinizing hormone-
releasing hormone (LHRH; also known as GnRH)
analogues, such as leuprolide depot (Lupron Depot;
AbbVie). This suggests that the advantages of biophar-
maceuticals far exceed their limitations. This Review
highlights the recent progress and unmet needs in the
formulation and delivery of biopharmaceutical drugs.
The advances reviewed here suggest that biopharmaceu-
tical drugs will have an even greater impact in the future
if the remaining unmet needs are addressed.

Advanced formulations and chemistry

Intravenous, intramuscular and subcutaneous injections
are currently the most commonly used ways of delivering
biopharmaceuticals. Subcutaneous injections are the
most convenient as they require minimal skills and
are the least invasive, whereas intramuscular injections
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Solvent evaporation

A process for microencap-
sulating drugs or other
substances whereby an
oil-in-water emulsion is
formed, followed by the
removal of the organic solvent
by its evaporation from the
emulsion mixture, resulting in
the solidification of the oil
phase to form microspheres.

Atomization

A process for microencap-
sulating drugs or other
substances whereby a polymer
solution containing the drugs
is broken up into droplets,
followed by the removal of the
polymer solvent by evaporation
or other means, resulting in the

formation of solid microspheres.

are commonly used for vaccines. Intravenous injections
are generally used for biopharmaceutical drugs such
as monoclonal antibodies. Regardless of the type of
injection, many biopharmaceutical drugs (with a few
exceptions, such as monoclonal antibodies) are rapidly
cleared from the body, meaning that frequent injections
are required. Several strategies have been developed to
address this challenge and are summarized below (BOX 1).

Microparticles. Microparticles are generally used for
the long-term delivery (1 week or longer) of proteins,
peptides and some small molecules, and are gener-
ally administered by intramuscular or subcutaneous
injection (TABLE 1). They control both the level of the
drug and its lifetime in the body*, and can affect drug
pharmacokinetics by enabling sustained release of the
drug. Poly(lactic-co-glycolic acid) (PLGA) polymers
are the most common material used for the encapsu-
lation of peptides or proteins, as they are mechanically

Box 1 | Challenges in the design of injectable formulations

The formulation and handling of biopharmaceutical drugs poses unique challenges
that are not often experienced with small molecules. One of the key challenges is
overcoming the instability of the biologic, which is caused by aggregation,
deamidation, isomerization, hydrolysis, oxidation and denaturation'®. The tendency
of a biologic to exhibit these structural modifications depends on the properties of
the protein as well as environmental factors, including temperature, pH and the ionic
strength of the surrounding environment. Several agents have been developed to
increase the stability of biologics'®. These include the use of small sugars such as
trehalose'®3'#* and polysaccharides such as dextrans'®®. Pluronics are also used to

reduce the tendency to aggregate. Finally, non-ionic surfactants such as polysorbates

186

are also used in low concentrations to decrease aggregation. Although many of these
agents are effective stabilizers, their use requires careful consideration in terms of local
toxicity and potential immunogenicity. Understanding the mechanism of inactivation
of biopharmaceutical drugs is crucial and can enable a rational approach to determine
what excipients should be used in the formulation to provide stabilization®’.

Another issue related to biopharmaceutical drug formulation is high and variable
viscosity'®®. The clinical use of monoclonal antibodies is becoming increasingly
common. However, the need for very concentrated formulations is often crucial
because the required protein doses are often on the order of hundreds of milligrams.
The US Food and Drug Administration (FDA) does not permit the subcutaneous
injection of large volumes of drug formulations in patients. This requirement makes
formulation difficult as solutions that contain multi-hundred-milligram per millilitre
protein solutions are very viscous, making them hard to administer. The creation of
formulations with lower viscosities will thus be extremely useful. Approaches to achieve
this includes the addition of hydrophobic salts or inorganic salts'®'%, or the addition
of lysine or arginine®®*. The high viscosity of protein solutions also affects the force
necessary to deliver the solution using acceptable needles as well as the time required
to complete the injection — an issue referred to as ‘syringeability’. Both parameters
have a strong impact on patient acceptance and compliance.

Collaborations among a wide range of experts, including physical chemists,
biochemists and engineers, are required to address the issues posed by formulation
challenges. Some of the important unmet needs are predictions of the viscosities of

biologics solutions*?

and the development of novel means to reduce this viscosity.

The development of novel tools to characterize, predict and minimize the aggregation
of nascent proteins is crucial. An increased understanding of the dynamics and
behaviour of protein injections in the subcutaneous space is also important. Towards
this goal, recombinant human hyaluronidase could be co-injected with the drug of
interest to degrade hyaluronic acid — a key structural component of tissues'®* —

and facilitate protein delivery. This degradation increases the diffusion rate of
biopharmaceutical drugs at the injection site, thus increasing bioavailability and/or

increasing injection volume.

strong, hydrophobic, biocompatible and degrade into
toxicologically acceptable products that are eliminated
from the body®. Other potentially useful materials
include polyanhydrides® and cyclodextrins”®. PLGA
polymers have been widely used in marketed products
— for example, for delivering risperidone (Risperdal;
Johnson & Johnson) to treat schizophrenia® and nal-
trexone for treating alcoholism and narcotic addiction'.
They have also been used to deliver peptides such as
LHRH analogues for treating advanced prostate cancer
and endometriosis'!, glucagon-like peptides (GLPs)
for treating type 2 diabetes'? and proteins such as human
growth hormone for treating pituitary dwarfism"
(Supplementary information S1 (table)).

Encapsulation, biocompatibility and protein release
from microspheres are closely related to their structural
properties. For example, the release rates of proteins
depend on the degradation of the polymer and/or dif-
fusion of the protein from the microsphere, which in
turn depends on the molecular mass of the polymer and
the protein, the lactic/glycolic molar ratio, particle size
and the loading of proteins within microspheres, as well
as microsphere size and porosity (FIC. 1). The shape of
a particle also influences its behaviour, in particular its
interactions with macrophages'. Because the diffusional
transport of proteins through PLGA is limited, the rate
of polymer degradation has an important role in the
mechanism and rate of release of the drug from micro-
spheres. In addition, diffusion of the protein through the
biological fluid surrounding the microsphere is depend-
ent on the size of the protein, and this will affect the rate
of absorption after release®.

The most common method of microencapsulating
peptides is through the use of solvent evaporation, but
many other approaches such as atomization methods are
also used'®. The encapsulation of proteins is substantially
more challenging, and additional properties of proteins
must be considered. Proteins can lose their structure
and biological activity upon prolonged incubation
with biological fluids under physiological conditions'’.
For example, aggregation and incomplete release from
the microsphere have been observed with growth hor-
mones'® and a covalent dimer formed in a microsphere
formulation of darbepoetin alfa (Aranesp; Amgen)".
In addition, the local degradation of polymers at the
injection site can lower the pH inside the microsphere,
which can further add to the potential for protein inac-
tivation®. The addition of magnesium hydroxide and
other antacids within the microsphere has been shown
to negate the adverse effects of low pH?.

Although clear advances have been made in the
use of microparticles for delivering biopharmaceutical
drugs, challenges remain. Specifically, further advances
in controlling the burst release can increase the duration
of drug release. In addition, methods that provide active
control of the rate of drug release, including on-demand
termination of release, could open up new opportuni-
ties. A reduction in the size of the microsphere (but still
within the micron scale) could lead to a subsequent
reduction in the required needle size for administra-
tion while maintaining the rate of sustained release.
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Table 1| Comparison of different delivery technologies for biopharmaceutical drugs*

Method

Microparticles

Advantages

e Controlled release can be achieved
e Delivery is possible using subcutaneous

injections
Depot * The same parent drugs can be formulated in
injections several dosage forms (such as weekly, monthly,

quarterly or semi-annual formulations)

* The delivery technology can be applied to a
large number of compounds

* Lower burst release (in implants)

¢ Avoids the requirement for reconstitution
and/or suspension (in implants)

e Targeted delivery: small size allows enhanced
permeation into tumours and retention in

Nanoparticles

Limitations

e Burst release can occur, which causes the
potential for local toxicity and wastage

e Burst release can be associated with adverse
events related to peak serum exposure

e Larger gauge needle can be required
(for injections), or incisions need to be made
into the skin (for implants)

* Non-specific uptake in reticuloendothelial
system (RES) organs

Burst release

The quick release of drugs
(usually within minutes to

24 hours) that are
encapsulated in microspheres;
the drug is associated with the
microsphere surface and so is
not completely protected from
release by the microsphere
structure.

tumours

* Immunotoxicity can occur

¢ Has high adjuvancy for vaccine applications

Jetinjections  © Allows a needle-free approach
* Has a long history of use

* Works with injectable formulations

e Cause occasional pain and bruising
* Inconsistent delivery of drug

* Broad applicability without the need to modify

the design of injectors
* Rapid systemic absorption

Pumps * Precise control over rates of delivery
* Long duration of delivery
Transdermal e Painless and sustained delivery
delivery ¢ Allows for active control and discontinuation
of delivery
¢ High patient compliance
Pulmonary ¢ High bioavailability
delivery  Rapid systemic uptake
e Ease of use
Oraldelivery e Ease ofuse
e High patient compliance
Othermucosal © Non-invasive
routes e Ease of use
(vaginal, nasal
and buccal)

e Implanted devices are invasive
¢ Infection can occur with patch pumps

* Low bioavailability (potentially addressable
with advanced technologies)
* Some devices are bulky and expensive

* Some devices are bulky
* Potential for local toxicity and immunogenicity

* Low bioavailability (potentially addressable
with advanced technologies)

¢ Enzymatic degradation in the stomach or liver

* Variable absorption

¢ Interference in absorption rates from food

* Low bioavailability (potentially addressable
with advanced technologies)

° Enzymatic degradation

* Variable absorption

*The summary presented in this table offers a generalized description of several delivery methodologies. Exceptions to generalized
descriptions exist in certain cases and ongoing research is actively addressing the limitations discussed throughout the main text.

Additional unmet needs include the requirement for
arobust manufacturing process that can be achieved ata
reasonable cost, the need for stabilization and sterilization
strategies to be broadly applicable to many biopharma-
ceutical drugs, and a need for preclinical tools and/or
models for addressing the risk of immunogenicity. In
addition, it is important to consider issues such as ease
of injection — that is, addressing the reconstitution of
the lyophilized product and the clogging of needles with
drugs. Many of these issues are not unique to protein- and
peptide-based drugs, however, but are in fact common to
all microsphere-based drugs.

Nanoparticles. Nanoparticles — which are composed of
materials such as polymers, lipids and dendrimers — have
been actively studied as carriers, especially for targeted
delivery of small-molecule drugs®**. Indeed, several

nanoparticles are currently on the market, including
doxorubicin liposomes (Doxil; Janssen) for the treat-
ment of ovarian cancer and AIDS-associated Kaposi’s
sarcoma’*?, and paclitaxel-containing albumin nano-
particles (Abraxane; Celgene) for second-line treatment
of patients with breast cancer®’.

There are fewer examples of the use of nanoparticles
for delivering proteins and peptides, and these agents
are in the early stages of development. There are sev-
eral examples of nanoparticle-mediated delivery of
small-molecule chemotherapeutic agents at clinical
and preclinical stages (reviewed in REF. 28). An example
of nanoparticle-mediated protein delivery that shows
promise for clinical application is the delivery of
cytokines for tumour immunotherapy. Specifically,
immunosuppressive factors associated with the tumour
microenvironment were targeted using a combination
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Core-shell nanoparticles
Microspheres or precipitates
containing a core of one
polymer that is surrounded by
the shell of another polymer.

Particulate formulations
Formulations comprising
microspheres prepared from
a polymer or other materials
to encapsulate and release
proteins.

Implantable depots
Formulations that are too large
in volume to be injected, and
are instead administered by
other means (for example,

by insertion through a surgical
incision).

a Porosity

Decreased porosity

Increased porosity

c Polydispersity

b Size of particle

100 um

©
C

L

e Large size decreases the
surface/volume ratio

* Small size allows the use of
small needles for delivery

d Surface properties e Shape
o - H
e
PEG

’ 0

HO X Oly
o) . —

Polymer core (PLGA) R T

100 nm

* Modification of particle surface with
hydrophilic polymers such as PEG
reduces capture by immune cells

e Interaction with macrophages

Figure 1| Key parameters of polymer microparticle design. The chemical functionalities of the polymer affect
essentially all aspects of microparticle performance, including the efficiency of drug encapsulation, the rate of polymer
degradation and drug release, and toxicity at the injection site. a| The porous structure of the polymer allows penetration
of water and facilitates its degradation and subsequent drug release. The porosity of the polymer also affects the
diffusion of the drug. b | The size of the microsphere particles affects the duration of drug release (in general, larger
particles lead to more prolonged release) and the size of the needle required for administration (smaller needles are
required for smaller particles). ¢ | Polydispersity of particle size may introduce variability in the release rates. d | Particle
surface properties affect their interactions with the surroundings at the injection site, especially immune cells.
Modification of the surface with polymers such as polyethylene glycol (PEG) is used to modulate the interactions of the
microsphere with immune cells. e | The shape of the polymer affects the interactions of particles with macrophages;
elongated particles exhibit orientation-dependent internalization by macrophages.

of a small-molecule transforming growth factor-f
(TGFp) inhibitor and the immunostimulant interleu-
kin-2 (IL-2)®. Core-shell nanoparticles were developed
to encapsulate both the water-soluble protein (IL-2)
and the hydrophobic small-molecule cargo (the TGF(
inhibitor) into a single nanoparticle that was designed to
enable simultaneous release of both drugs. This method
led to sustained local delivery, thereby reducing the
toxicity of IL-2, and the combination therapy delayed
tumour growth and increased survival in a mouse model
of melanoma®.

In another example, which aimed to increase the
viability and efficacy of a cell-based therapy, sustained
pseudoautocrine stimulation was provided to donor cells
in a mouse model of adaptive T cell cancer therapy by
conjugating adjuvant nanoparticles to the T cell surface™.
The approach mitigates the dose-limiting toxicities that
are associated with conventional approaches to adjuvant
administration. Multilamellar lipid nanoparticles were
directly conjugated to free thiol groups on the surface of
various cell types, including CD8" T cells. Nanoparticle-
tethered T cells trafficked to antigen-expressing tumours
as effectively as their untethered counterparts. When
the particles were bound to melanoma-specific T cells

and injected into mice with established lung and bone
marrow metastases, complete clearance of the tumour
was achieved.

In general, systemically delivered nanoparticles face
several physiological barriers before reaching their
target (FIC. 2). Technological advances for overcoming
these hurdles are important to enable future success
in this field; these include pegylation for prolonging
the circulation of nanoparticles® and enhancing tissue
penetration®?, optimization of particle size’® and the use
of substances to enhance deep tumour penetration of
nanoparticles®.

Although a limited number of studies can be found
on the use of nanoparticles for the delivery of therapeu-
tic proteins, nanoparticles have been actively used for
delivering vaccines or as vaccine adjuvants®. The pri-
mary advantage of nanoparticulate vaccines is effective
antigen presentation to dendritic cells, which yields a
stronger immune response than soluble antigens™.

Depot injections. Injectable implants of drugs are an
alternative to particulate formulations for sustained drug
release, and have been used for both small and large
molecules. Surgically implantable depots — that is,
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Release of
nanoparticles

Extravasation of
nanoparticles

Clearance via reticulo-
endothelial system

Targeting challenges
and endocytosis

MonOCYte® @@ Macrophage /

Injectable monoliths

A type of depot formulation
that is fabricated as a
contiguous solid mass,
such as a cylinder, and can
be administered by positive
displacement from a syringe
needle without the use of a
suspending vehicle.

’ o4 S e o
' \ , q
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\ \

Endothelial cells

Endosome

Tumour cell

Lysosome

‘ @ Nanoparticle drug

Figure 2 | Hurdles associated with nanoparticle-mediated delivery. The figure depicts various hurdles involved in
the delivery of therapeutic nanoparticles to targeted tissues. Nanoparticles injected into the bloodstream are cleared
by the reticuloendothelial system, including the liver and spleen, especially by the resident macrophages in these
organs. Circulating nanoparticles need to cross the vascular endothelium of the diseased tissue and penetrate into the
diseased tissue, both of which pose a considerable hurdle. The vascular endothelium possesses low permeability to
nanoparticles, except in some cases — such as tumours — where the endothelium is poorly formed and allows the
passage of nanoparticles (known as the enhanced permeation-retention effect). Nanoparticles that escape the blood
vessel still need to diffuse through the dense extracellular matrix to reach relevant target cells embedded deep within
the tissue. Upon arriving at the surface of the target cells, nanoparticles need to enter the cells via endocytosis.
Nanoparticles that are internalized by the cells are trafficked within endosomes and sometimes need to escape the

endosome to release the active drug cargo.

formulations that are too large to be injected by needles —
have also been developed for small molecules (reviewed in
REF. 37), such as the chemotherapeutic drug bis-chloro-
ethylnitrosourea (BCNU). Among biopharmaceutical
drugs, an injectable formulation of the LHRH agonist
goserelin acetate contained in a PLGA rod (Zoladex;
AstraZeneca) is the most commercially successful exam-
ple (Supplementary information S1 (table)). Other poly-
mers such as hyaluronic acid are also being explored for
their use in depot injections®.
Injectable monoliths can circumvent some of the manu-
facturing complexities and challenges associated with
particulate systems, such as the suspension and reconsti-
tution of particulate drug formulations. In addition, the
lower specific surface area of monoliths can often result
in a reduced burst release of drugs. The use of additional
ingredients such as PEG 400 in the formulation has been
shown to reduce the initial burst*. Blends of block copoly-
mers and PLGA are also effective in offering prolonged
release of protein drug. Injectable in situ-forming depot
systems, including those based on injectable solutions
of PLGA in sucrose acetate isobutyrate**! or N-methyl
pyrollidone**, offer similar potential benefits*.
Reverse thermal gelling systems* are based on
polymers that form solutions at room temperature but
become gels at body temperature following injection.

The in situ-forming system PB1023, which is based on
a fusion of the drug cargo GLP1 with elastin-like poly-
peptide (ELP), recently completed a Phase II clinical trial
for the treatment of diabetes*® (ClinicalTrials.gov identi-
fier: NCT01658501). ELPs undergo a phase transition at
body temperature to form a depot that leads to sustained
release. A single injection of the GLP1-ELP fusion pro-
tein reduced glucose levels for 5 days, which is 120 times
longer than with GLP1 alone.

Another example of a protein depot injection consists
of a conjugate of poly-L-glutamic acid and a-tocopherol,
which forms non-covalent complexes with proteins and
peptides through electrostatic and hydrophobic inter-
actions. This results in the formation of an in vivo drug
depot after injection, with sustained drug release over
1-14 days*. Proof of concept of this proprietary system
was shown for a formulation of IL-2 in patients with
renal cell carcinoma®, and a formulation of interferon-
alpha-2b is currently in clinical trials for the treatment
of hepatitis C virus (HCV) infection (Supplementary
information S1 (table); ClinicalTrials.gov identifier:
NCT01010646). Another example of an injectable depot
technology consists of a solution of naturally occurring
polar lipids that self-assemble into reversed liquid
crystal phases when injected into the body (known as
FluidCrystal® injection depots)*. This system has been
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Biosimilars

A biopharmaceutical drug that
is demonstrated to be similar
to, or interchangeable with,

a licensed biological product,
based on the absence of
clinically meaningful differences
in safety, purity and potency.

New molecular entity

A drug product containing an
active moiety or moieties that
have not been previously
approved by a regulatory
authority, either as a single
ingredient or as part of a
combination product.

Hydrodynamic radius

The effective hydrated radius
of a biopharmaceutical drug,
which dictates its rate of
diffusion in solution and
tissues.

FcRn recycling

A process that is mediated

by the neonatal Fc receptor
(FcRn), which involves the
transcytosis of maternal
immunoglobulin G (IgG) across
the placental membrane. This
process is responsible for the
long circulating half-lives of IgG
and serum albumin throughout
life, through a mechanism of
protective vesicular trafficking.

used for sustained delivery of proteins and peptides,
such as leuprolide acetate (CAM2032) and octreotide
(CAM2029; orphan designation EU/3/09/645), which
are under clinical evaluation for prostate cancer and
acromegaly, respectively (Supplementary information S1
(table); see the Camurus website for further information).

The emergence of biosimilars and the availability of
analytical technologies with increased sensitivity for
the detection of degradation products have resulted
in increasingly high standards for the analytical purity
of conventional protein formulations, and recognition
from the scientific community that these higher stand-
ards also need to be applied to sustained-release protein
formulations®.

Although the stresses imposed on protein drugs
through the fabrication, storage and administration of
sustained-release formulations have been long appreci-
ated, a better understanding of the molecular basis of
protein degradation and aggregation pathways could
potentially lead to new stabilization approaches or the
design of new delivery systems that are more suited
to labile macromolecules. Recent examples include a
dendritic polyglycerol nanogel system that was used to
encapsulate asparaginase under surfactant-free condi-
tions using hydrophilic components®. A pH-sensitive
benzacetal crosslinking agent enabled the triggered
release of payload under acidic conditions with almost
100% recovery of enzymatic activity compared to a
control. Asparaginase that was recovered at the end of
matrix degradation after 7 days had the same activity as
a control, and its secondary structure was unchanged.

In another example, an alginate depot formulation of
a fully humanized immunoglobulin G1 (IgG1) mono-
clonal antibody was developed to exploit the electrostatic
interactions that occur between the protein and the poly-
anionic gel matrix to enable local sustained delivery*>*.
The system was designed to provide a stable pH environ-
ment and to avoid protein aggregation at a high pay-
load concentration. In vitro analysis showed 90-100%
recovery of intact IgG1, with monomer content >94%.
Preliminary evaluation of IgG1 release over 28 days in
rats showed that bioavailability was comparable to that
observed with a conventional solution formulation.

Most depot formulation technologies, as well as
the particle technologies discussed above, rely on non-
covalent association between the drug and the matrix.
Thus, their implementation does not require the creation
of a new molecular entity. This could potentially simplify
their development owing to the applicability of analytical
methods that were developed for conventional formula-
tions of the same drug, as well as preclinical pharmacology
and safety data generated with those formulations.

Injectable modified peptides and proteins

Most macromolecules that are smaller than ~ 60kDa are
cleared from the body via renal filtration®. Attempts have
been made to reduce renal clearance by increasing the
size of macromolecules or by making modifications to
the macromolecule based on known biological phenom-
ena in order to reduce renal clearance and, consequently,
injection frequency (FIC. 3).

Types of protein modifications. Chemical modification
with hydrophilic polymers can increase the hydrodynamic
radius such that glomerular filtration is reduced or elimi-
nated, thus extending the circulating half-life to a com-
mercially attractive range®. There are many examples
of pegylated drugs on the market, and alternatives to
polyethylene glycol (PEG) — such as sialic acid*, as well
as the naturally occurring polysaccharides hyaluronic
acid”” and hydroxyl ethyl starch® — are currently under
preclinical and clinical investigation (Supplementary
information S1 (table)).

Approaches that exploit the neonatal Fc receptor
recycling (FcRn recycling) pathway have also been devel-
oped to increase the half-life of macromolecules (FIG. 4).
This approach, which involves the creation of genetic
fusions between the macromolecule and the Fc region
of IgG, has resulted in many approved products, includ-
ing the blockbuster etanercept (Enbrel; Amgen) and
several candidates that are currently in advanced stages
of clinical development (Supplementary information S1
(table)).

Efforts have also been made to extend circulation
times by exploiting the favourable circulating half-life
of albumin®, thus enabling weekly dosing. For exam-
ple, an albumin fusion of GLP1(7-36) (albiglutide;
ClinicalTrials.gov identifier: NCT01098539)>° was
approved by the US Food and Drug Administration
(FDA) in April 2014 for the improvement of glycaemic
control in adults with type 2 diabetes, and an albumin
fusion of factor IX* is in Phase III clinical evaluation
for the prevention of bleeding episodes in children and
adults with severe haemophilia B (ClinicalTrials.gov
identifier: NCT02053792). In addition, an albumin
fusion of granulocyte colony-stimulating factor (G-CSF),
neugranin, is under development for the treatment of
chemotherapy-induced neutropenia (ClinicalTrials.gov
identifier: NCT00837265). A fusion of albumin with
two different single-chain variable fragments (scFv
fragments), which bind to HER2 and HER3, has been
created to form a single-polypeptide-chain bispecific
antibody®' that is in Phase II clinical trials for the treat-
ment of certain types of oesophageal cancer (MM-111;
ClinicalTrials.gov identifier: NCT01774851). A related
approach, which uses chemical conjugation of albumin
with a synthetic peptide, has been applied to exendin-4;
the conjugate (known as CJC-1134-PC) is under
clinical evaluation for the treatment of type 2 diabetes
(Supplementary information S1 (table); ClinicalTrials.
gov identifier: NCT01514149).

Advantages and disadvantages of protein modification.
Although pegylation can decrease protein immuno-
genicity and increase solubility, the principal benefit of
this modification is the ability to reduce the frequency
of dosing owing to the longer circulating half-life of
the drug. The approach provides sustained — but not
controlled — exposure; clearance from the body is
still exponential, and so a longer duration of exposure
can only be attained by increasing the dose. For com-
pounds with large therapeutic indices (which is typical
for many biopharmaceutical drugs), the cost of goods
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Hydrophilic polymer conjugate approaches
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Advantages: Disadvantages:

* Variety of established chemistries

e Several successful commercial products

* Ease of evaluation at discovery stage using
well-known approaches such as N-hydroxy
succinimide or maleimide chemistries
(for PEG conjugation)

e Can reduce immunogenicity of proteins

* Creates a new molecular entity
¢ Duration of action is increased, but drug levels are uncontrolled
¢ Upon modification, structurally discrete molecules
become polydisperse
e Purity requirements of chemically synthesized drugs are
relevant when using chemically synthesized polymers
* Potential immunogenicity of the polymer

Genetic constructs and fusion approaches

e Albumin f Fc fusion

g Polyamino acid fusion protein

Advantages:

e Protein with improved half-life can be
developed and formulated as a conventional
protein therapeutic

e Several successful commercial products

e Fusion with recombinant human domains
such as humanized IgG1-Fc and human serum
albumin can reduce risk of immunogenicity

Disadvantages:

¢ Creates a new molecular entity

© The fusion construct itself can elicit an
antibody response

* Fusions can be very complex molecules,
which can result in poor solution stability
and aggregation

Figure 3 | Modes of biopharmaceutical modification. Two general types of protein modification are used to extend
half-life; conjugation with hydrophilic polymers (parts a-d) and genetic constructs or fusion approaches (parts e-g).
Conjugation approaches include protein modification with polymers such as polyethylene glycol (PEG) and hyaluronic
acid. The advantages of the conjugation approach include: the availability of a variety of established chemistries; ease of
evaluation at a discovery stage using well-known approaches such as N-hydroxy succinimide or maleimide chemistries;
reduction of protein immunogenicity; and a proven history with multiple products. Their limitations include the creation
of a new molecular entity, polydispersity and potential immunogenicity of polymers. Fusions offer the advantage of being
developed and formulated as conventional protein therapeutics, avoiding additional downstream processing such as
encapsulation and associated costs. In addition, there is a proven history of several products based on this approach.
Their limitations include the creation of a new molecular entity and the associated safety issues and testing, the possibility
of generating an immune response to the modified protein and potential formulation challenges owing to the increased
molecular complexity.

and/or dosing volumes needed for a longer duration of
action can become limiting. Alternative approaches may
be required for molecules with toxicities that are related
to peak exposure. Moreover, pegylation can negatively
influence the binding of a molecule to its cognate recep-
tor owing to steric hindrance; however, optimal design of
molecules can minimize this effect, and pharmacokinetic
benefits can render it inconsequential.

Reactions of the immune system to non-native con-
jugates or fusion structures pose a potential safety issue.
In the case of fusions with native human proteins, cross-
reactivity with endogenous homologues could pose a
long-term safety threat in addition to potentially altering
the clearance of subsequent doses. However, for many Fc-
or albumin-fusion products this risk has not proven to
be detrimental (Supplementary information S1 (table)).
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Figure 4 | FcRn recycling mechanism. Neonatal Fc receptor (FcRn) recycling has
acrucialrole in the biological activity of Fc- and albumin-fusion proteins. Fc-fusion
protein drugs or albumin-fusion protein drugs bind to FcRn on the endothelium.
Receptor-bound proteins are internalized into endocytic vesicles. Endosomes are
acidified and undergo sorting of FcRn. Non-receptor-bound proteins are degraded
in the lysosomal compartment and receptor-bound proteins are recycled back to
the cell membrane. The protein therapeutic is subsequently released back into the
blood. FcRn-mediated recycling leads to prolonged circulation of Fc-fusion and
albumin-fusion protein therapeutics. IgG, immunoglobulin G.

Fusions of recombinant factor VIII** and factor IX%,
which are currently in advanced development for the
treatment of haemophilia (ClinicalTrials.gov identi-
fiers: NCT02093897 and NCT02053792, respectively;
Supplementary information S1 (table)), are intended for
chronic lifelong use, and as such their approval could be
an important new milestone in establishing the safety
of fusion approaches. The immunogenicity of fusion
Crrax proteins, however, is an ongoing concern. Many of the
The maximum plasma or approved Fc-fusion drugs (Supplementary informa-
?jﬁg%;gg;ﬂfgi?;%g? dUE tion S1 (table)), such as etanercept, which is approved

for the treatment of rheumatoid arthritis and psoriasis,
Living polymerization are themselves immunosuppressive therapies, whereas
A technique for synthesizing others, such as aflibercept (Zaltrap; Regeneron), which is
polymers where chain approved for the treatment of metastatic colorectal cancer,

termination and transfer h b d for indi . h . -
reactions are absent, and ave been used for indications where patients immune

the rate of chain initiation systems are not functioning normally. As a result, effects
substantially exceeds related to immunogenicity are possibly obscured. The
that of chain propagation. bar for the safety for clotting factors is likely to be higher.
The resulting polymer chains .

o Importantly, the Phase IIT study for a factor IX-Fc fusion
have very similar lengths K K X o
compared to traditional protein reported no evidence of immunogenicity®, and
polymerization techniques. the FDA approved this product in March 2014.

New developments in protein modification. Early
approaches to conjugation (reviewed in REF. 55) illus-
trated the potential to affect properties such as potency
and pharmacokinetics®. More recent advances in long-
circulating biopharmaceutical polymer conjugates
have increased the precision with which conjugates are
defined at a molecular level, either through polymer
chemistry or through site-specific conjugation. At its
most advanced stage, conjugate research applies the
tools of medicinal chemistry by incorporating insights
from structure-function studies into the design of the
molecule. A study® of the site-specific pegylated WW
domain of the human protein peptidyl-prolyl cis-trans
isomerase NIMA-interacting 1 (PIN1)* showed that
conformational stability depends on the molecular mass
of PEG; longer oligomers increased the folding rate and
reduced the rate of protein unfolding.

Pegylated proteins are generally considered to have
reduced immunogenicity compared to their unmodified
equivalents, and one of the earliest pegylated products,
pegademase bovine, exploited the ability of PEG to miti-
gate the immunogenicity of a bovine enzyme for use as a
biopharmaceutical. Nevertheless, the formation of anti-
bodies against PEG itself has recently gained attention;
PEG end-group chemistry (that is, the substituent at the
end of the PEG molecule) is reported to have a substantial
role in determining immunogenicity. The use of hydroxyl-
PEG, as opposed to the widely used methoxy-PEG, may
offer a safety advantage under some circumstances®<’.
These types of insights could lead to the future develop-
ment of biopharmaceutical conjugates with superior
properties. Reversible pegylation has been explored as a
way of mitigating the reduction in potency induced by
conjugation and achieving greater control of drug con-
centration over time®. The creation of PEG prodrugs that
are minimally or partially active could potentially make
it possible to administer higher doses — and thus achieve
a longer duration of action — of compounds that have
toxicities related to C__ in their fully active form.

Alternatives to PEG that could offer improvements in
chemical definition, biocompatibility or manufacturability
have been explored. Among the most advanced are
polymers that are based on poly(2-oxazoline). These are
synthesized by a technique known as living polymerization,
which allows for good control of the molecular definition;
hydrophobicity can be tuned according to the composi-
tion of the side chains. Amphiphilic block copolymers of
poly(2-oxazoline) have been shown to increase the uptake
of conjugated macromolecules into cells®.

Alternative approaches to protein modification based on
genetic engineering. Lessons learned from the success of
pegylation and Fc-fusion-based products have helped
guide the application of genetic engineering tools to
improve the delivery of biopharmaceuticals. The most
commercially successful example, darbepoetin alfa, is a
variant of erythropoietin that is genetically engineered to
include two additional sialic acid chains™. Introducing
non-structured polyamino acid tails on the amino and/or
carboxy termini of several therapeutic proteins achieved
a PEG-like effect on the hydrodynamic radius and on
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Kd

The dissociation constant;

a type of equilibrium
constant that characterizes
the propensity of a complex
to separate reversibly into

its constituents.

Implantable pumps

Small devices that can be
placed within the body and
used to deliver a drug.

The pumps carry a drug
reservoir (which, in some cases,
can be refilled through a port,
thus avoiding the need for
surgical intervention), a control
mechanism to regulate
delivery, and the delivery
catheter.

Insulin patch pumps

A wearable infusion pump

that is attached to the skin
and delivers insulin into the
subcutaneous space.

Liquid jet injections

A type of injection that enables
the delivery of drugs into the
skin and subdermal tissues —
without using needles — by
accelerating a stream of drug
solution to high velocities.

renal clearance by glomerular filtration”. The approach
has been used in several development programmes
(Supplementary information S1 (table)), including in
clinical studies of VRS-859, a GLP1 analogue”, and of
VRS-371 (ClinicalTrials.gov identifier: NCT01359488),
a long-acting human growth hormone. Native human
growth hormone is cleared by glomerular filtration
as well as receptor-mediated clearance in the kidney.
VRS-371 was designed to have reduced receptor binding,
and so it undergoes less receptor-mediated clearance in
the kidney”. Based on a Phase I clinical trial in adults
with growth hormone deficiency, it is anticipated that
VRS-371 can be dosed monthly”™, which will be a mile-
stone for a technology that does not involve FcRn recycling.
However, the immunogenicity of VRS-371 has yet to be
fully assessed.

Site-directed mutagenesis has been used to try to con-
trol the half-lives of Fc- and albumin-fusion products by
optimizing the binding affinity of the molecule to FcRn.
Half-lives for ten marketed antibodies and Fc-fusion pro-
teins were reported to range from 4 to 23 days, depending
on the K, value for FcRn binding”>”®. Mutants of an anti-
human B cell surface receptor antibody with improved
FcRn binding affinity had an impact on pharmacokinet-
ics in primates (although the relationship between FcRn
affinity and the level of improvement in pharmacokinetic
properties was not directly proportional)”. The rela-
tionship between FcRn binding affinity and half-life has
informed recent efforts to map the albumin FcRn bind-
ing domain’, with a view towards the design of albumin
fusions that have a wider range of half-lives than can be
achieved with native human albumin domains™.

Devices

In spite of their widespread use in biopharmaceutical
drug delivery, injectable biopharmaceutical drugs have
several limitations, including the creation of needle pho-
bia in patients, accidental injuries and improper use®.
Needle-based autoinjectors are in clinical use; although
they are simple to use and avoid visual appearance of the
needle, the insertion of a needle is still associated with
pain. Accordingly, although needles have undergone
substantial improvements over the years, the develop-
ment of better alternatives to needle-based injections
has been a high priority for research and development.

Implantable, patch and microfluidic pumps. Implantable
pumps are commercially available to deliver biopharma-
ceutical drugs, especially insulin®"%. Compared to
multiple daily injections, the use of implantable insulin
pumps improves glycaemic control®. Insulin patch pumps
address the limitations of implantable pumps as they
are lightweight and can be worn discreetly on the skin®.
Newer, microtechnology-based implantable pumps
have also been developed to achieve more precise con-
trol over delivery and have been used to deliver human
parathyroid hormone fragments in clinical studies®*°.
Although currently available pumps have enabled the
delivery of insulin, challenges remain. Specifically, the
implantation of pumps is invasive and they require fre-
quent refilling with the drug. Moreover, patch pumps
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have limited longevity owing to the limited duration of
the sterility of the skin. The ultimate goal of an insulin
pump is to develop a closed-loop device that offers auto-
mated control of blood glucose levels. Robust algorithms
that utilize the output of an implanted glucose sensor
to determine requisite doses have been developed®”
and are in clinical trials (ClinicalTrials.gov identifiers:
NCT01271023, NCT01472406).

Needle-free injectors. Liquid jet injections offer several
advantages, including the ability to use currently approved
injectable formulations — which will greatly facilitate
clinical adoption — as well as the ability to work without
electronics and the provision of small portable devices.
Liquid jet injectors have been used for mass immuni-
zation programmes against infectious diseases, as well
as for the delivery of insulin and growth hormones®*.
However, the acceptance of liquid jet injectors has been
low owing to occasional pain and bleeding at the site of
injection®. Therefore, efforts are underway to improve
the jet injection process, such as the use of pulsed micro-
jets”', variable velocity injectors® and feedback-controlled
injectors®. Although needle-free liquid injectors are the
only currently available, broadly applicable, needle-
free approach for protein delivery, they have not had a
strong impact on the field. Future research must focus
on addressing the variability in the amount of drug that
is delivered via injection, which originates in part from
the variation in skin properties among patients, as well
as within different regions of the body. In addition, the
devices must be designed so they are inexpensive and
sufficiently simple to use.

Alternative routes of drug delivery

Owing to the limitations of injections, alternative delivery
routes — including pulmonary®!, nasal®, oral®, transder-
mal’”®, vaginal and ocular delivery of biopharmaceutical
drugs — have been explored to increase patient compli-
ance (FIG. 5). Each route offers its own unique advantages
and limitations (TABLE 1). However, the delivery of bio-
pharmaceutical drugs through these alternative routes
is limited by the associated biological barriers, the bio-
physical properties of which are reviewed in REFS 99,100.
Nevertheless, device- or formulation-based approaches
have been developed to overcome these barriers.

Pulmonary delivery. To date, most research on the deliv-
ery of aerosol formulations has focused on the delivery
of small molecules to the lung itself, and has addressed
issues such as aggregation of drug particles and decreasing
the clearance of drugs by macrophages™. Nevertheless, the
delivery of protein drugs though the pulmonary route has
been achieved. Inhaled insulin'”' received FDA approval
in 2006; however, it was discontinued in 2007 owing in
part to high costs as well as poor patient uptake of the
bulky device. Recent studies have shown that a more
compact device can effectively deliver insulin by inhala-
tion in patients with type 2 diabetes'®, and the product
has recently received regulatory approval (see the 27 Jun
2014 press release on the MannKind Corporation web-
site). Although advances have been made in the field of
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Buccal delivery (films, spray)

Ocular delivery (eye drops, injections)
¢ VEGF-targeted Fab and IgG1 mAb

e Insulin

(injection)
¢ VEGFR1-Fc-VEGFR?2 fusion (injection)

e Interferon

Oral delivery (pills, capsules)

e Calcitonin

e Insulin

¢ Exenatide

® Octreotide

Pulmonary delivery
(aerosols, dry powder)
e Insulin
* Dornase alfa (local)

e Insulin

Vaginal delivery (gels)

Nasal delivery (sprays)

} e Salmon calcitonin ‘

Sublingual delivery (tablets)

* Desmopressin ‘

Transdermal delivery
(patches, creams, sprays)

* PTH
e Insulin

¢ LHRH analogue ‘

Rectal delivery
(suppository)

[ Clinical trials  [] Approved product

Figure 5| Alternative routes of biopharmaceutical delivery. Various alternative routes to needle-based injections
have been proposed for the delivery of biopharmaceutical drugs. These include oral, transdermal, pulmonary, nasal,
vaginal, sublingual, rectal and ocular delivery routes. The figure summarizes some of the approved products that are
administered via these routes and those that are in clinical trials. Examples listed in the figure indicate the high level of
activity in alternative routes of drug administration. IgG1, immunoglobulin G1; LHRH, luteinizing hormone-releasing
hormone; mAb, monoclonal antibody; PTH, parathyroid hormone; VEGF, vascular endothelial growth factor;

VEGFR, VEGF receptor.

pulmonary delivery, unmet needs remain; these include
potential safety issues, the limited delivery efficiency
associated with inhaled proteins and the ease of use of the
product, as well as potentially the relatively short duration
of action, as the same physiological factors that enable the
drug to have a quick onset of action also make sustained
delivery challenging.

Transdermal administration. Transdermal patches
offer a painless alternative to injections; however, their
applications are generally limited to low-molecular-mass
hydrophobic drugs. An in-depth review of transdermal
drug delivery can be found in REF. 103. Several methods
have been developed to temporarily disrupt the skin
structure to deliver macromolecular drugs, including
the use of peptides such as TD-1 (REF. 104), SPACE
(skin-permeating and cell-entering) peptides'® and cell-
penetrating peptides such as polyarginine'®. TD-1 and
SPACE peptides were discovered specifically to penetrate
skin using in vivo phage display and effectively delivered
large molecules such as insulin'® and hyaluronic acid'”’
into mice. Several chemical-based formulation strate-
gies'® have also been developed to enhance transdermal
drug delivery; however, their clinical applications are
generally limited to small molecules.

Devices that are based on the use of ultrasound,
electric fields or microneedles have been particularly
effective in increasing the permeability of the skin'®.
Ultrasound and electric-field-based methods such as

iontophoresis and electroporation have been used to
deliver biopharmaceutical drugs — including insulin*'®!"*
and parathyroid hormone'? — in animal models. Neither
method is currently used in the clinic for large molecules,
but ultrasound and iontophoresis have been approved by
the FDA for the delivery of small molecules in a clini-
cal setting'®. Microneedles can penetrate into skin as far
as the epidermis and thereby enhance drug penetration
without causing pain. Microneedles have successfully
delivered insulin, vaccines and parathyroid hormone
in clinical studies®, and are proving to be particularly
appealing for the delivery of vaccines as they have been
shown to induce immune responses that are compara-
ble to or better than intramuscular injections in mouse
models"*'>, Microneedles are also being developed for
the systemic delivery of parathyroid hormone and are in
clinical studies of parathyroid hormone-related protein
(ClinicalTrials.gov identifier: NCT01674621) and insu-
lin (ClinicalTrials.gov identifier: NCT01684956), as well
as vaccines of inactivated polio virus (ClinicalTrials.gov
identifier: NCT01686503) and influenza (ClinicalTrials.
gov identifier: NCT01368796).

Collectively, the technologies described above have
enabled progress in the transdermal delivery of pro-
teins over the past two decades. There are several future
challenges in this field; the complexity of the devices,
including the size and required expertise, can make
their adoption challenging, and so the device-based
methods must be simple to use. At the same time, the
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Absorption enhancers
Chemicals that increase the
absorption of drugs across
biological barriers such as the
skin, intestinal epithelium or
cell membrane.

Chitosans

Linear polysaccharides
of randomly arranged
glucosamine and acetyl
glycosamine.

bioavailability of the drug must be sufficiently high to
make the technology economically feasible. Finally, the
variability of drug delivery must be sufficiently reduced
to allow the administration of drugs that have a narrow
therapeutic window.

Oral delivery. Oral delivery offers increased patient
acceptance, but the oral delivery of macromolecules is
limited by enzymatic degradation in the gastrointestinal
tract and limited permeation across the intestinal epithe-
lium"*. In addition, the mucus layer on the epithelium
provides a barrier for the diffusion of macromolecules.
These limitations lead to poor drug absorption into
systemic circulation and insignificant bioavailability of
macromolecules.

Several absorption enhancers, including fatty acids,
surfactants and bile salts, have been tested for their
ability to improve the oral delivery of macromolecules'”
in animal models. Sodium caprate enhances the deliv-
ery of macromolecules such as oligonucleotides and
low-molecular-weight heparin'*® in animal models
and humans. Another absorption enhancer is tetrade-
cylmaltoside, which also enhances the uptake of low-
molecular-weight heparin'”. The screening of a large
library of chemicals and chemical mixtures to identify
compositions that enhance the uptake of peptides and
proteins'® led to the identification of the zwitterionic
surfactant dimethyl palmitoyl ammonio propanesulpho-
nate (PPS), which enhanced the intestinal permeation
of calcitonin in mice''. Other methods of increasing
absorption include pH-sensitive hydrogels to protect
the drug from low pH in the stomach'?, chitosans'? and
chitosan derivatives'** to induce mucoadhesion of the
drug carrier and increase intestinal permeation, and
acrylate-based polymers to increase mucoadhesion'®.

Device-based approaches are also being actively pur-
sued for oral drug delivery. Mucoadhesive devices that
mimic the structure of skin patches have been tested
for the oral delivery of insulin and calcitonin in rodent
models®'#. These devices continue to be researched and
developed'”, but have yet to be tested in humans. The
current design of these mucoadhesive devices is based
on layered structures that comprise a mucoadhesive
layer that attaches and retains the device on the mucus,
a drug layer, and a backing layer that prevents diffusion
of the drug back into the lumen and entry of gastrointes-
tinal enzymes into the patch. This design creates a depot
of high-concentration drug on the surface of the intes-
tine, which enhances the concentration gradient across
the intestine and increases oral drug bioavailability.

The use of nanoparticles, which are absorbed across
the intestinal epithelium, has also been explored for the
oral delivery of biopharmaceuticals. The uptake, which
can be mediated by Peyer’s patches, M cells and entero-
cytes, depends on several parameters, including the
size and surface chemistry of nanoparticles. Although
unmodified particles are known to permeate the epithe-
lium, targeted nanoparticles further enhance uptake. In
this regard, several targeting ligands — including lectin,
the M cell-targeted monoclonal antibody and the Fc
region of antibodies'*® — have been explored for the oral
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uptake of nanoparticles in mice. Further testing of such
novel technologies in larger animal models is necessary
to understand their clinical potential.

The ability of penetration enhancers, nanoparticles
and mucoadhesive devices to deliver insulin, calcitonin
and other biopharmaceutical drugs has been established
in small animals''®1**!%. Oral delivery of proteins and pep-
tides, however, has had limited clinical success. Clinical
studies have shown oral delivery of salmon calcitonin
using the permeation enhancer 5-CNAC"™! but the clini-
cal programme was terminated owing to lack of efficacy in
Phase III clinical trials (see the 14 Dec 2011 press release
on the Emisphere website). Permeation enhancers from
the same family have also been shown to enhance the
oral uptake of heparin in humans'*. Another enhancer,
sodium caprate, has been shown to increase the delivery
of oligonucleotides in humans'** and of low-molecular-
weight heparin in rats''®. Advances have also been made
using other medium-chain fatty acids as enhancers to
enable the oral delivery of peptides, especially octreotide'*.

Another technology that is based on the use of protease
inhibitors and an absorption enhancer has been tested in
humans for the delivery of insulin'**. Orally delivered
insulin reduced the frequency of high glucose readings
(>200mg per dl) when compared to control. The same
technology has also been tested in humans for delivery
of the GLP1 analogue exenatide'*. Orally delivered
exenatide increased peak plasma insulin levels by 28%
in healthy individuals. A technology based on the use
of citric acid (which has proteolysis-inhibiting proper-
ties)™” has also been tested for the oral delivery of salmon
calcitonin for the treatment of postmenopausal osteopo-
rosis in women; oral calcitonin improved lumbar spine
bone mineral density by about threefold compared to
placebo'*.

In spite of substantial research over the past two
decades, the goal of oral protein delivery remains dif-
ficult. Limited bioavailability and variability in absorp-
tion remain general challenges in the field. The appeal
of oral protein delivery, however, has not diminished.
Future research must focus on enhancing bioavailability
to economically feasible levels, which will be different for
each drug. In addition, issues related to the variability in
absorption and interference from food must be addressed.
Other delivery routes that are not discussed in this Review
include the buccal, nasal, vaginal and ocular routes'*-'*.

Targeted and intracellular delivery

Although the focus of biopharmaceutical delivery has
largely been on systemic delivery, targeted and intracellu-
lar delivery are important goals (FIC. 6). The local delivery
of conventional formulations is the simplest option for
targeting specific tissues — for example, the intravitreally
administered vascular endothelial growth factor (VEGF)
inhibitors bevacizumab (Avastin; Roche/Genentech),
ranibizumab (Lucentis; Genentech/Novartis) and afliber-
cept (Eylea; Regeneron) for the treatment of neovascular
age-related macular degeneration. Controlled-release
depot formulations provide more consistent local expo-
sure, which is important for the delivery of growth factors
for tissue engineering (BOX 2).
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The active targeting of biopharmaceuticals to specific
tissues following systemic administration using ligands
of, or antibodies against, cell surface receptors is an
attractive concept. Recent advances with antibody-drug
conjugates' and a small-molecule nanoparticle formula-
tion of docetaxel® enabled preferential delivery of cyto-
toxic agents to cancerous tissue; this could potentially
increase the therapeutic index and enhance the efficacy of
such cytotoxic drugs. The extension of this approach to
the delivery of macromolecular cargo is, however, in the
early stages of development.

Interest in the intracellular delivery of biopharma-
ceutical drugs in part originates from recent advances in
RNA interference (RNAi), where small interfering RNA
(siRNA) must overcome the cellular barrier to access the
RNAi machinery; these advances have focused attention
on the potential opportunity for developing protein and
peptide drugs against intracellular targets. Several tech-
nologies have been developed to deliver siRNA to the
skin'® liver'¥, brain'® and tumours'¥’, as well as other
tissues. siRNA delivery technologies are not discussed
here; see REF. 150 for an overview of the field.

Therapeutic index

A measure of the safety of a
particular drug, typically
represented by the ratio of the
dose causing overt toxicity

to the dose providing a
therapeutic effect. A drug with
a large therapeutic index can
be administered with low risk
of eliciting a toxic effect.

Tau

A highly soluble microtubule-
associated protein found in
neurons. Misfolded tau is
associated with a variety of
neurodegenerative disorders,
including Alzheimer’s disease,
in which interneuronal hyper-
phosphorylated tau tangles
are a common pathological
feature.

Targeted delivery to the brain. The blood-brain barrier
poses a unique challenge for the targeted delivery of bio-
pharmaceuticals to the brain (FIG. 7). Nevertheless, there

¢ Increased permeation: for example, stapled peptides
e Supercharged proteins
e Active transport: for example, by the asialoglycoprotein receptor

Mitochondrial/

subcellular targets

* Lysosomal enzymes

* Heat shock proteins
(such as HSP90)

¢ Mitochondrial carriers

* Apoptotic factors

e Transporters

e Intracellular receptors

Intracellular pathogens

2| * Inhibitors or promoters
of fusion

* Host—cell signalling
pathways

e Parasite maintenance

&g and survival factors

Cytoplasmic targets
e Kinases
e Other enzymes

Nuclear targets

e Intracellular or nuclear membrane GPCRs

¢ Modulators of gene expression (such as transcription factors)
* Nuclear membrane receptors and channels

e Factors involved in cell cycling

e Chromatin proteins

* DNA and DNA-binding proteins

¢ RNA and RNA-binding proteins

e Inhibitors or activators of RNA or DNA processing

Figure 6 | A summary of intracellular targets for biopharmaceutical drugs. The cell
interior is the site of numerous potential drug targets where biopharmaceuticals may
be attractive candidates provided they can be delivered successfully. Approaches to
the intracellular delivery of biopharmaceuticals include increasing their membrane
permeability (particularly in the case of peptides) and active transport via internalizing
receptors on the cell surface, such as the asialoglycoprotein receptor on hepatocytes.
Potential intracellular targets include those associated with mitochondria, the nucleus
and the cytoplasm. Intracellular pathogens are another potential application. These
include the liver stages of Plasmodium spp. mycobacteria in alveolar macrophages and
associated granuloma, and amastigotes of Leishmania spp. in infected macrophages and
various tissues including the liver and bone marrow. GPCR, G protein-coupled receptor;
HSP90, heat shock protein 90.

has been growing interest in this area, which has been
fuelled in part by the therapeutic promise seen in the
peripheral administration of antibodies for the treatment
of neurodegenerative disease. Antibodies are attractive
owing to their high specificity and reduced off-target
effects, and peripherally administered monoclonal anti-
bodies result in measurable, albeit low, central nervous
system (CNS) exposure'® that probably results from a
nonspecific mechanism of uptake across the blood-
brain barrier. For example, systemically circulating IgG
levels in the CNS are 0.1% of their levels in plasma'®.
Neurodegenerative disease is an area of particular focus,
in part owing to the difficulty of developing CNS-
penetrant, specific, small-molecule therapeutics. An anti-
body inhibitor of B-secretase, the enzyme that processes
amyloid precursor protein (APP), reduced peripheral
and CNS amyloid-p concentrations in mice and in non-
human primates' following systemic administration.
An antibody against a-synuclein, which accumulates
abnormally in certain forms of dementia, alleviated
behavioural deficits in an a-synuclein transgenic mouse
model when dosed systemically'*; trafficking and his-
tology studies showed that the antibody crossed into
the CNS and resulted in reduced levels of a-synuclein
aggregates in the cortex and hippocampus.

Antibodies targeted to tau reduced tau pathology and
delayed the onset of motor function decline in trans-
genic mouse models when delivered peripherally’* and
reduced cognitive impairment when delivered by intra-
cerebroventricular infusion'*. Several antibodies against
amyloid-{ have been evaluated in the clinic for the treat-
ment of Alzheimer’s disease, most notably bapineuzumab
(ClinicalTrials.gov identifier: NCT01254773) and solane-
zumab (ClinicalTrials.gov identifier: NCT01900665).
Although both recently failed to meet their primary end
points in several Phase III trials — calling into question
the amyloid-targeted approach to treating Alzheimer’s
disease'”” — passive immunotherapy for the treatment
of neurodegenerative disease remains an active area of
investigation. A humanized IgG4 antibody binding to
semaphorin 4D (SEMA4D) attenuated disease severity
in rodent models of multiple sclerosis (when dosed intra-
venously), including chronic experimental autoimmune
encephalomyelitis (EAE)"*®. The antibody is being evalu-
ated in a Phase I trial for safety and tolerability in patients
with multiple sclerosis (ClinicalTrials.gov identifier:
NCT01764737).

The above developments have increased interest in
approaches to enhance the efficiency of biopharmaceu-
tical drug delivery to the CNS. Local administration,
active transport and conjugate approaches are being
evaluated. The CNS exposure of systemically adminis-
tered idursulphase, a lysosomal enzyme that is approved
for the treatment of Hunter’s syndrome (a lysosome
storage disorder), is insufficient to treat the cognitive
impairment associated with the disease. Intrathecal
administration via intracerebroventricular and lumbar
routes resulted in widespread distribution of the drug in
brain parenchyma, including its deposition in neuronal
and oligodendrocyte lysosomes in normal non-human
primates’’. The clinical evaluation of intrathecally
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Box 2 | Biopharmaceutical drug delivery and its relationship with tissue engineering

Engineered tissues and artificial organs have an important role in maintaining and improving the quality of life of
patients suffering from illnesses and injuries; for example, skin substitutes and cartilage replacements have already
helped thousands of patients, and several other tissues such as the liver'®*, cornea'® and spinal cord'*® are being
studied in animals or in clinical trials. Engineered tissues may have a role in the assessment of drug toxicity in the form
of organs on a chip'®’. There are several forms of engineered tissues, including cell aggregates, three-dimensional

polymer cell constructs, decellularized tissue constraints and entire functioning organs'®.

The delivery of proteins has a major role in tissue engineering by providing controlled and localized release of
cytokines, growth factors and nucleic acids to improve cell survival or otherwise contribute to tissue growth!*2%,
The spatiotemporal control of the release of growth factors and cytokines can be crucial for tissue growth?.
These factors also stimulate delivered cells to proliferate or perform specific functions, such as recruiting immune
cells to the site of implantation of the engineered tissue. In addition, the delivery of growth factors that promote
vascular neogenesis is essential for tissue growth?°?. Various approaches have been developed to encapsulate and
release proteins, peptides and nucleic acids from matrices that are used for tissue engineering. These delivery

approaches include matrix embedding?®

and covalent attachment of drugs to the scaffolds?®.

dosed idursulphase in conjunction with its systemic
administration is underway for the treatment of paedi-
atric patients with Hunter’s syndrome and the associ-
ated cognitive impairment (Clinical Trials.gov identifiers:
NCT00920647, NCT02055118).

Several groups have explored approaches to increase
penetration within the brain or reduce the frequency of
administration relative to what is achievable with local
administration of conventional formulations. Following
intracranial infusion in a non-human primate, ultra-
sound increased the distribution in the brain of liposomes
and model compounds with a high molecular mass'®.
Encouraging results were reported when depot formu-
lations of epidermal growth factor were administered
epicortically in a mouse model of stroke'®, and when
brain-derived neurotrophic factor was incorporated in
polymeric implants and injected into the rat hippocampus
for evaluation in a model of depression'®.

Active transport utilizes the internalization of receptors
with high expression levels in the brain, such as the trans-
ferrin and insulin receptors. The approach has long been
considered to be an attractive option for increasing the
uptake of drugs into the brain following systemic admin-
istration. The fusion of the lysosomal enzyme arylsul-
phatase A with an insulin receptor-targeted IgG increased
uptake to 1-2% of the injected dose in a non-human pri-
mate model'®®. In another study, a bispecific antibody
was designed to increase CNS exposure via transcytosis
by combining high-affinity binding to the therapeutic
target (the enzyme B-secretase) with low-affinity binding
against the transferrin receptor. When the binding affinity
of the transferrin receptor was reduced, brain uptake was
maximized and brain distribution improved'**. Although
promising, the approach resulted in acute clinical signs
(including profound lethargy and spastic movements in
some animals) and a reduction in reticulocytes in mice'®.
These effects were partially mitigated by removing the Fc
effector function from the antibody.

In a related approach, a single transferrin receptor-
binding Fab was fused to the Fc region of an amyloid-
B-targeted monoclonal antibody, which increased target
engagement in a mouse model of Alzheimer’s disease by

, encapsulation of drug-loaded microparticles and the immobilization

over 55-fold'®°. Last, receptor-mediated transcytosis via
the low-density lipoprotein receptor-related protein 1
(LRP1) is being evaluated for the delivery of antibodies to
treat cancer. Preliminary data suggested that ANG4043,
a HER2-targeted monoclonal antibody conjugated to a
peptide that binds LRP1, increased survival in mice with
intracranial BT-474 breast tumour cells'”’. ANG1005, a
related molecule using LRP1 for the delivery of paclitaxel,
is being evaluated in patients with breast cancer who have
recurring brain metastases (Clinical Trials.gov identifier:
NCT02048059).

Conjugated forms of several biopharmaceutical drugs
have improved brain penetration compared to their
unmodified counterparts when administered intrathe-
cally or systemically. For example, chemical modification
of leptin with poly(ethylene oxide)-poly(propylene oxide)
block copolymers improved the delivery of leptin across
the blood-brain barrier when injected intravenously in
a mouse model. This strategy is potentially attractive for
the treatment of leptin resistance (which is attributed to
impaired leptin transport) and the consequent obesity 5.
The approach resulted in a modest (less than twofold)
increase in uptake with less than 0.5% of the injected
dose detected in the brain, but therapeutic levels were
nevertheless achieved. Improved pharmacokinetics of the
conjugates may have been responsible for the sustained
pharmacological effect observed.

As a second example, intrathecal administration of
a PEG conjugate of fibroblast growth factor 2 (FGF2)
in a blend of hyaluronan and methylcellulose (HAMC)
to rats resulted in enhanced penetration in spinal cord
tissue'®. Finally, when amphiphilic block copolymers
of poly(2-oxazoline) were conjugated to superoxide
dismutase 1 (SOD1), there was increased uptake of
the conjugate into MDCK cells and Caco-2 cells®. The
conjugate also accumulated in mouse parenchyma by a
non-saturable mechanism following intravenous admin-
istration'”®. The self-association of the SOD1 conjugates
to form aggregates of 8-20 nm (depending on the com-
position of the side chain) may have affected their uptake
into neurons; this effect was reported to occur through a
lipid raft- or caveolae-dependent mechanism'”’.
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Stapled peptides

A class of a-helical peptides
incorporating a-methylation
and hydrocarbon-based
macrocyclic bridging features
for increased hydrophobicity
and conformational
stabilization of the helix,
resulting in improved
membrane permeation.
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Figure 7 | Various means to access the central nervous system for therapeutic delivery. Delivery of biopharmaceutical
drugs into the central nervous system (CNS) is highly challenging. Intracerebroventricular injections offer a direct mode of
drug delivery into the brain; however, this approach is limited by its invasive nature. Systemic delivery in the vascular
compartment is another option. Although this approach is easy, its use is limited by the low permeability of the blood-
brain barrier. Specifically, endothelial cells in the brain possess highly regulated tight junctions that limit passive
diffusion of drugs. Biopharmaceutical drugs must exhibit active uptake in order to cross the endothelium. Intrathecal
administration provides an optimal blend of ease of use and access to the cerebrospinal compartment, although

diffusion within the brain can be a limiting factor.

Intracellular delivery. Owing to their hydrophilicity and
poor membrane permeability, biopharmaceuticals have
generally been restricted to targets in the vascular com-
partment or on the surface of cells — often referred to as
the ‘accessible target space’ Various approaches have been
undertaken to expand this space to include intracellular
targets that were traditionally considered to be druggable
only by small-molecule therapeutics, or not druggable at
all (FIC. 7). A second area of potential opportunity for
intracellular delivery involves human gene therapy.
Current approaches to targeted genome editing require
the intracellular delivery of nucleases or genetic material
that encodes them (such as a plasmid DNA or mRNA).
One strategy for accessing intracellular targets
focuses on altering the permeability of a biomolecule
through the cell membrane. The ability of proteins
and peptides to permeate the cell membrane can be
enhanced through chemical conjugation or mutagen-
esis. Stapled peptides, which are a class of helical peptides
that are modified by the introduction of aliphatic bridges
to enhance cell penetration, are potentially promising
as mitochondria-targeted agents for the treatment of
cancer. A stapled BCL-2 homology 3 (BH3) peptide
was shown to bind to intracellular BAX, a multidomain
pro-apoptotic BCL-2 family protein'”!, and to overcome
apoptotic resistance in mouse models of haematological
cancers'”. Stapled peptides that were designed for the
therapeutic modulation of protein—protein interactions
involving the intracellular transcription factor Notch had

antiproliferative effects in a mouse model of T cell acute
lymphoblastic leukaemia'”. Moreover, a potent stapled
peptide that was a dual inhibitor of MDM2 and MDX
restored p53-dependent cell cycle arrest and apoptosis
in p53-positive mouse xenografts'’*.

Zinc finger nucleases are fusions of the nonspecific
cleavage domain of the FokI endonuclease and zinc
finger proteins that are custom-designed for genome
editing applications, and they were recently reported
to undergo cellular uptake in culture in an unmodified
form; this was attributed to their net positive charge'”.
In a related approach, macromolecular cargo have been
fused to proteins engineered with a high net positive
charge (so-called ‘supercharged proteins’) and shown
to penetrate mammalian cells; proof of concept was
demonstrated by in vivo delivery to mouse retina of
Cre recombinase that was fused to a supercharged green
fluorescent protein'7*'7’.

Internalizing cell-surface receptors can offer access
to intracellular drug targets or an avenue for increasing
the efficiency of delivery, in a manner similar to the
active transport approaches to CNS delivery discussed
above. The conjugation of a zinc finger nuclease with
transferrin via a reducible disulphide linkage resulted in
rapid and efficient uptake in several cell lines, including
primary mouse and human haematopoietic stem cell pro-
genitors'”®. The approach was reported to match the effi-
ciency of cDNA approaches but with improved temporal
control of nuclease activity.
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When internalization occurs via a vesicular mechanism,
the endosomal membrane presents an additional delivery
barrier to accessing the cytosol. Various approaches have
addressed this challenge. A polymeric system that incor-
porates a pH-responsive endosomolytic feature has been
developed for the intracellular delivery of several biomol-
ecules. Intracellular delivery of a BH3 peptide with the
polymeric system increased apoptotic activity in a HeLa
cervical cancer cell line'”, providing an alternative to the
stapled peptide approach discussed above. The system was
also evaluated for use as a prophylactic tumour vaccine by
intracellularly delivering a model protein antigen to poten-
tially access the cytosolic major histocompatibility class I
(MHC-I) antigen presentation pathway and enhance the
CD8" cytotoxic lymphocyte response'®. This resulted
in increased tumour-free survival in a mouse xenograft
model when the model protein antigen ovalbumin was
incorporated in the polymeric carrier.

Concluding thoughts

The impact of biopharmaceutical drugs over the past
decade has been facilitated by technological break-
throughs associated with manufacturing, formulation
and delivery. Although outstanding progress has been

REVIEWS

made in the discovery and delivery of biopharmaceutical
drugs, challenges and unmet needs remain. Current
biopharmaceutical drugs are primarily aimed at extra-
cellular targets owing to the challenges associated with
intracellular delivery, and so improving intracellular
delivery could result in new classes of biopharmaceu-
tical drugs, including drugs against new intracellular
targets.

Another area for future research is the development
of new delivery devices for biopharmaceutical drugs that
could overcome the hurdles that cannot be addressed
by new formulations. Devices that make use of non-
parenteral routes are especially appealing owing to
their non-invasive nature. Efforts should be focused on
making the devices safer and simpler to use. Perhaps
one of the most exciting future opportunities lies in the
expansion of the therapeutic target space. This will be
enabled by new delivery technologies that allow access
to sites (intracellular targets and the local tissue environ-
ment, such as the nervous system) that are not routinely
available to injected molecules and can thus pave the
path to unexplored therapeutic opportunities. Future
research should focus on the discovery and development
of methods that enable intracellular delivery.
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