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Abstract | Biologics now constitute a significant element of available medical treatments. Owing
to their clinical and commercial success, biologics are a rapidly growing class and have become

a dominant therapeutic modality. Although most of the successful biologics to date are drugs
that bear a peptidic backbone, ranging from small peptides to monoclonal antibodies (~500
residues; 150 kDa), new biologic modalities, such as nucleotide-based therapeutics and viral gene
therapies, are rapidly maturing towards widespread clinical use. Given the rise of peptides and
proteins in the pharmaceutical landscape, tremendous research and development interest exists
in developing less-invasive or non-invasive routes for the systemic delivery of biologics, including
subcutaneous, transdermal, oral, inhalation, nasal and buccal routes. This Review summarizes

the current status, latest updates and future prospects for such delivery of peptides, proteins

and other biologics.

Proteins and peptides now constitute a major proportion
of therapeutic modalities being pursued for the treatment
of various diseases'. Nearly 30% of all drugs approved
by the US Food and Drug Administration (FDA) in
2015-2018 were biologics, which, for the purpose of this
article, are defined as oligomeric or polymeric molecules
with peptidic backbones. Over 60 peptides are currently
approved by the FDA for various indications, and at least
twice that many are in clinical trials>. Monoclonal anti-
bodies (mAbs) have emerged as the dominant therapeu-
tic modality, with over 50 approved products® and over
500 mAb-based therapies in clinical development. Of
the recently approved biologics, greater than 90% were
mAb-based drugs. This increasing success of biologics
can be attributed to their favourable safety, target spec-
ificity and pharmacokinetics compared with traditional
small-molecule drugs.

A direct consequence of this success is that biologics-
based medicines are causing a fundamental transfor-
mation in how drugs are administered to patients.
Small-molecule drugs, which are predominantly deliv-
ered orally, are increasingly being replaced by biologics,
which necessitate delivery via parenteral routes. Oral
delivery of medicine is convenient and well-accepted
and has enabled patient compliance®. Biologics, on
the other hand, require invasive injections because of
their poor bioavailability via the oral route. Biologics
are highly susceptible to degradation in the alimentary
canal, and their relatively large size limits transport
across the epithelium®. Transport challenges associated
with intestinal biology generally apply to other biological

barriers such as the skin and mucus. Another critical
factor is that biologic drugs span a tremendously wide
therapeutic dose range, from ng per kg (agonists) to mg
per kg (antagonists), which can guide the drug delivery
strategy to accommodate the size or the molecular mass
of the biologic coupled with the intended dose.
Finding administration routes that are patient-
friendly and identifying those that can be used over
broad dose ranges are two of the most important dis-
ruptions that can be achieved through the develop-
ment of strategies and technologies for the delivery of
biologics. As such, academic and industrial efforts are
focused on developing novel approaches for the delivery
of biologics for systemic absorption. These approaches
focus on converting intravenous administration to
either more convenient subcutaneous injections or non-
invasive routes, such as transdermal, oral, buccal, nasal
or inhalation routes. Strategies for overcoming delivery
barriers to the systemic delivery of biologics have to con-
sider the specific barrier challenges that are dependent
on the delivery route, the potential advantages of the
delivery route (TABLE 1), the intended dose and frequency
of dosing, and the molecular complexity of the biologic.
Diffusion to blood vessels is a common limiting factor
for all non-invasive delivery routes, and this is likely to
disproportionately affect larger and higher-dose bio-
logics, especially in the crowded in vivo environment
(BOX 1). To date, a number of non-invasive strategies
have successfully navigated these barriers and have been
approved for the delivery of biologics in the clinic. These
successes have laid the foundations for the next iteration
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Table 1| Overview of administration routes

Route
(absorption site)

Intravenous

Subcutaneous

Transdermal (skin)

Oral (intestines)

Inhalation (lungs)

Buccal (oral
mucosal surface)

Nasal (nasal
mucosal surface)

Advantages

* 100% bioavailability
* Reproducibility

 Can be self-administered
* Avoids first-pass metabolism

¢ Non-invasive
* Can be self-administered
* Avoids first-pass metabolism

* Non-invasive
¢ Can be self-administered

e Large surface area for
absorption

* Rapid absorption

* Non-invasive

* Avoids first-pass metabolism

* Non-invasive

* Can be self-administered
 Rapid absorption

* Avoids first-pass metabolism

* Non-invasive

¢ Can be self-administered

* Rapid absorption

* Avoids first-pass metabolism

Disadvantages

e Painful injection
° Requires medical
personnel

Painful injection

* Major transport barriers
* Slow absorption

* Harsh chemical
environment

* Degraded by first-pass
metabolism

* Variability in dosing
can depend on inhaler
technique, which requires
patient training

* Low surface area for
absorption, which limits
total dose

* Prone to irritation

* L ow surface area for
absorption, which limits
total dose

* Prone to irritation

Barrier properties and
delivery challenges

None

e Extracellular matrix
e Limited space for injectable
volumes

e Stratum corneum

e Constant cell shedding

e Lipid bilayers that surround
corneocytes

e Epithelial cells

* Mucus

* Bacteria

* Gastrointestinal transit
time

e Acid, enzymes and
proteases

* Airway transport
e Surfactant

* Mucus

e Epithelial cells

* Macrophages

* Mucus
e Epithelial cells

* Mucus
e Epithelial cells

Example biologic
(delivery system)

Numerous peptides, antibodies
and cell therapies have been
approved and are used clinically

Numerous proteins and
antibodies (hyaluronidase-based
enhancers)

Numerous vaccines
(microneedles)

Insulin (capsules with enzyme
inhibitors and/or permeation
enhancers)

Insulin (dry powder inhalers)

Insulin (buccal films)

Numerous vaccines (nasal sprays)

of non-invasive delivery technologies for biologics, many
of which are being translated into the clinic in small, as
well as large, biopharmaceutical companies.

Subcutaneous delivery

To date, over 100 different applications of subcuta-
neous injectable biologics have been approved for
clinical use. The bioavailability of mAbs that are sub-
cutaneously injected in the clinic range from 50-85%
(published in product inserts of mAbs). Although this
delivery method is still invasive, subcutaneous injec-
tions are more convenient (for example, allow self-
administration) than intravenous administration®, and
this advantage is one of the main driving factors in their
increased use and continued development as alterna-
tives to intravenous injections. The main limitations of
intravenous injections, which are addressed by subcuta-
neous injection, are the need for a trained professional
to perform the procedure and the need for long infu-
sions. Subcutaneous injections can be self-administered,
which improves patient acceptance and compliance, and
the use of existing depot-based formulations for pep-
tides can decrease dosing frequency’. Efforts into devel-
oping subcutaneous alternatives for biologics delivery
are highlighted here to illustrate their potential and the
immense interest in developing less-invasive approaches
to biologics delivery.

Fundamental barriers. Most biologics that are subcuta-
neously injected will be systemically absorbed by capil-
laries after penetrating through the extracellular matrix
or transported through the lymphatic system (FIC. 1a).
Absorption kinetics are regulated by the diffusion of
the biologic from the injection site to the absorption site
and the convective fluid flow, which are both limited by
the extracellular matrix, which consists predominately
of structural proteins®. These physical absorption bar-
riers are not the primary challenge for the majority of
subcutaneously administered biologics; instead, the
main limitation is a disconnect between the maximum
injectable volume and the amount of biologic needed
to achieve therapeutic efficacy. For example, the lim-
ited injectable volume of subcutaneous injections
(<1.5-2mL) and the high doses that need to be admin-
istered in order to achieve therapeutically meaningful
systemic concentrations of mAbs create formulation
challenges. This is further exacerbated by the low and
variable bioavailability of mAbs from the subcutaneous
space’, which is affected by the injection site'’, dose'
and diffusional limitations'. The lower bioavailability
compared with that of intravenous injections can also
originate from interactions between the antibody and
the local subcutaneous tissue, resulting in aggregation
of the injected biologic with extracellular matrix com-
ponents", immune cell interactions' and foreign-body



Box 1| The dose and size of biologics dictate delivery strategy

Development of alternative strategies for the non-invasive delivery of biologics must
consider the molecular mass of the biologic, the therapeutic dose and the relationship
between these two parameters. Biologic size and dose can limit absorption, especially
for biologics that require large doses (such as monoclonal antibody (mAb)-based
antagonists). High therapeutic doses, often as high as mg per kg, necessitate highly
concentrated solutions and sufficient surface area for absorption. Drug concentration
requirements are often limiting for large biomolecules such as mAbs, and surface area
requirements may preclude novel delivery approaches to low-surface-area absorptive
sites (such as the buccal and nasal surfaces) in favour of absorptive sites with a large
interface (namely, the lungs and intestines). Additionally, a high dose of the same
biologic will have a different rate of diffusion than a low dose because the
concentration gradient is the diffusional driving force.

Likewise, biologic properties such as molecular mass dictate the rate of diffusion,
absorption and final systemic concentration. Furthermore, each delivery site features
unique physiological characteristics and barrier properties and thus diffusional
limitations are specific to each absorptive tissue site; as such, the delivery route must
take into account the molecular mass of the biologic. For example, absorption via the
intestines (following oral delivery) requires diffusion of the drug through the mucus
before transport across epithelial cells. In the lungs, diffusion across lung surfactant and
mucus must occur before epithelial transport. In addition to molecular mass, physical
properties of the biologic (such as hydrophobicity and charge) must be considered, as
they can influence diffusion or absorption. Biologic properties must be acknowledged
to inform delivery site and approach.

To take biologic properties and the required therapeutic dose into account, the role
and function of biological barriers must be understood when considering alternative
delivery routes. These considerations are especially important for alternative and
non-invasive routes of delivery because diffusion, absorption and dosing do not need to
be considered in the same context for intravenous delivery, which, by definition,
achieves 100% bioavailability.

responses to polymer-formulated biologics (for example,
peptide depots based on poly(lactic-co-glycolic acid))'>".
Successful approaches to address these fundamental bar-
riers would lead to reduced injection frequency, enhanced
patient compliance and improved therapeutic efficacy of
subcutaneously administered biologics.

Seminal advances to overcome barriers in the clinic.
Key clinical advances have led to approaches to facili-
tate large-volume subcutaneous injections, one of the
main barriers to this delivery route. One approach that
has been used in some commercial products is the use of
hyaluronidases, enzymes found naturally in mammalian
tissues that digest hyaluronan, a major component of the
subcutaneous extracellular matrix'®. When hyaluronan
in the extracellular matrix is digested by injected hyalu-
ronidases, the co-injected biologic exhibits improved dis-
persion and tissue permeability™ (FIC. 1b). This increase
in dispersion facilitates enhanced absorption by enabling
the delivered biologic to interact with a greater absorp-
tive surface area®. Increased biologic dispersion simul-
taneously enables the dosing of higher volumes than
can be used with typical subcutaneous delivery. These
two advantages — increased absorption and increased
injectable volume — can make this delivery route more
acceptable because they will lead to fewer injections and
better control over bioavailability. In the earliest works
using naturally derived hyaluronidase?, hyaluronidase
enhanced the dispersion and absorption of dyes and
antiviral vaccines”*>. However, substantial challenges
related to immunogenicity reactions and impurities

with host-sourced hyaluronidases limited their repeated
use”**. Recombinant hyaluronidases based on soluble
recombinant human hyaluronidase PH20 were eventu-
ally introduced and addressed these issues®. Hylenex,
a recombinant hyaluronidase for human injection, was
approved by the FDA in 2005 for use as a dispersant
to increase the absorption of drugs®. Since then, hya-
luronidases have been approved by the FDA for sub-
cutaneous delivery with rituximab (for lymphoma)*
and immune globulin (for primary immunodeficiency)”
and by the European Medicines Agency (EMA) for the
delivery of trastuzumab (for breast cancer)® (TABLE 2).
Many current trials to improve subcutaneous delivery
are ongoing or recently completed for peptides such as
insulin (NCT01275131), daratumumab (NCT03301220)
and pertuzumab (NCT02738970). Overall, the deliv-
ery of higher dosing volumes (>2mL) enabled by the
hyaluronidase-based technologies alleviates the need to
develop high-concentration formulations for antibodies,
which can be difficult to achieve owing to viscosity,
aggregation and phase separation challenges®.
Formulation approaches have also contributed to
reshaping how peptides can be delivered subcutane-
ously® (FIC. 1b). Lupron Depot (which contains leupro-
lide) is one of the original examples of a microparticle
formulation that decreased the number and frequency
of injections required to achieve an equivalent thera-
peutic dose’*2. By virtue of encapsulation into a pol-
ymer, interactions between the delivered biologics, the
extracellular matrix and the absorption sites can be
better controlled. Although not explicitly studied, it is
possible that polymer-based peptide depots provide a
means to mediate absorption by altering the biologic
concentration at the absorption site through controlled
release or to mitigate interactions between the biologic
and proteins in the extracellular matrix. This is clearly a
delicate balance, yet many biologic-based polymer depot
products, such as those for the delivery of somatotropin
(Nutropin Depot)*, leuprolide (Eligard)*, risperidone
(Risperdal Consta)*, naltrexone (Vivitrol)* and exenatide
(Bydureon)*, have found clinical and commercial suc-
cess with these formulation approaches’. In general, these
examples highlight how a formulation approach can be
used to control the biologic—extracellular matrix environ-
ment to limit dosing frequency and improve compliance.

Recent preclinical strategies. Efforts are being made to
better understand subcutaneous tissue barriers and thus
develop better approaches to overcome these challenges.
One approach involves leveraging simulations to eval-
uate and predict biologic bioavailability***. Predicting
absorption of biologics following subcutaneous injection
is an active area of preclinical research, and estimating
pharmacokinetic and pharmacodynamic parameters
(such as clearance, bioavailability and distribution vol-
umes) from preclinical models would accelerate devel-
opment and optimization of subcutaneous biologic
administration. Early-stage experimental approaches
to create subcutaneous depots of living cells that enable
constant production, secretion and delivery of biologics
are being developed**! (FIG. 1b). Biologic-producing cells
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Figure 1| Subcutaneous barriers, products and new approaches. a| Delivery barriers that limit biologic absorption via
the subcutaneous route include extracellular matrix proteins such as hyaluronan. b | Approaches to overcome diffusion
and dispersion limitations. Leuprolide acetate for depot suspension (Lupron Depot) overcomes the issue of repeated
doses for peptide delivery through controlled release. Hyaluronidase, which degrades hyaluronan, can enable delivery by
increasing the tissue surface area to which the biologic formulation has access. A preclinical ‘cell factory’ approach has
also been developed for limiting the repeated administration of biologics. In this example, pancreatic islet cells are
encapsulated in a polymer to enable long-term encapsulation of biologic-secreting cells.

PEGylation

The attachment of
polyethylene glycol to a
biologic to shield it from the
immune system and thereby
increase its half-life.

can potentially mitigate the need for repeated doses of
peptides, antibodies or antigens in favour of a single
subcutaneous injection. Building on the foundation of
microparticle technologies such as Lupron Depot, these
approaches typically rely on microencapsulation to pre-
vent the overgrowth — and potential clearance — of the
living drug factory*. Efforts to understand how material
properties affect the rejection of subcutaneous cell-based
implants is a highly active area of research***. One of
the most investigated applications of this approach is the
implantation of pancreatic islet cells to reverse diabe-
tes***-4 Numerous approaches and novel aspects have
been tested for islet transplantation, including injectable
and implantable formulations, the use of primary-cell
islets or stem-cell-derived -cells, and approaches to con-
trol the immune response’*. A potential single subcu-
taneous injection for glucose-responsive insulin delivery
and diabetes reversal would dramatically change diabetes
treatment. These drug factory approaches have also been
investigated preclinically for the delivery of vaccines™,
antibodies and other biologics™.

Snapshot of current clinical trials. Hundreds of clini-
cal trials for the subcutaneous administration of anti-
bodies, vaccines, proteins and peptides are currently
ongoing (not completed) (Supplementary Table 1). Of
these trials, recombinant hyaluronidases are one of the
most active technologies for enhancing subcutaneous
delivery. Recent efforts into recombinant hyaluronidases
are focused on broadening the indications beyond the

currently approved uses. Over ten current (not com-
pleted) clinical trials are investigating recombinant
hyaluronidases to improve the subcutaneous delivery
of proteins, such as immunoglobulins, for the treatment
of diseases including multifocal motor neuropathy, mye-
loma and breast cancer.

Critical analysis and future challenges. Approaches
to improve the subcutaneous delivery of biologics
have been established; polymeric microparticle depots
and hyaluronidases are the best clinical examples. The
advantages that these systems offer include controlled
release, physically separating the biologic from the sub-
cutaneous microenvironment (for polymeric micropar-
ticles) and improved dispersion (for hyaluronidases).
Other modes of drug delivery, such as intravenous injec-
tions, have seen advances such as stimuli-responsive
systems®»** (for example, glucose-responsive or pH-
responsive), approaches to modify biologic half-life®*
(such as PEGylation) and targeted delivery®*® (such as
antibody-drug conjugates). It is therefore perhaps sur-
prising that depots, which were among the original
biomaterial-based delivery systems, have yet to include
these recent game-changing advances. A critical look
suggests that because these modifications typically
involve an increase in the size of the biologic, which
negatively affects biologic diffusion and absorption,
they have not been amenable to the subcutaneous deliv-
ery route, which faces significant diffusion and absorp-
tion hurdles. As such, perhaps the true bottleneck in
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Table 2 | FDA-approved or EMA-approved biologics for subcutaneous delivery with hyaluronidases

Name Route, biologic and Approved indications Investigated indications Number of trials on
(company) formulation ClinicalTrials.gov
HyQvia Subcutaneous Primary immunodeficiency  Multifocal motor neuropathy >10
(Baxalta) immunoglobulin (10%) in adults e Chronic inflammatory demyelinating

with recombinant human polyradiculoneuropathy

hyaluronidase (rHuPH20) * Primary immunodeficiency in adults

* Secondary immunodeficiency in adults

Rituxan Hycela Subcutaneous rituximab e Follicular lymphoma Chronic lymphocytic leukaemia 1
(Genentech/ with human hyaluronidase ¢ Diffuse large B cell lymphoma
Roche) e Chronic lymphocytic leukaemia
Herceptin SC ~ Subcutaneous trastuzumab  Breast cancer Breast cancer >20
(Genentech/ with recombinant human
Roche) hyaluronidase (rHuPH20)

EMA, European Medicines Agency; FDA, US Food and Drug Administration. Accessed from https://clinicaltrials.gov/ct2/home on 18 June 2018.

First-pass metabolism

The biological process by
which the delivered biologic is
metabolized by the liver or
gastrointestinal tract before
reaching systemic circulation.

lontophoresis

The application of an electrical
current to a biologic
formulation at the surface of
the skin. The current improves
transport of the biologic across
the skin via electrophoresis.

subcutaneous delivery is in developing novel methods to
enable the absorption of larger, more functional and more
efficacious next-generation biologics.

Transdermal delivery

Transdermal delivery, a non-parenteral delivery route,
offers several advantages including sustained release,
painless administration, ease of termination and avoid-
ance of first-pass metabolism. Transdermal approaches
can also offer particular advantages for dermatological
diseases in the form of local treatment.

Fundamental barriers. Substantial barriers limit the
transdermal delivery of biologics (FIC. 2a). Mammalian
skin has evolved to enhance its main function, which is
to act as a protective barrier to the external world®. As
such, the main factors that limit the systemic delivery of
biologics via transdermal delivery are the natural barrier
functions of our skin®. The topmost layer of the skin is
the stratum corneum and is the first and most difficult
barrier to transdermal drug delivery®"¢2. The stratum cor-
neum is located in the epidermis and is approximately
10-20 um thick® 2. The major cellular component of the
stratum corneum is non-living cells called corneocytes,
which are mechanically robust cells that confer the skin’s
barrier properties against physical and chemical intru-
sions. For the most part, corneocytes are non-living
and, therefore, active cellular transport processes are less
amenable to manipulation®. Importantly, corneocytes
are constantly replaced®, thus providing a direct mech-
anism for constant barrier replenishment and an active
mechanism to push unabsorbed drugs outwards from
the body. The stratum corneum also contains multiple
lipid bilayers that surround corneocytes®, and biologics
must pass through these lipid bilayers because passage
through corneocytes is not typically possible®"®2. The
distinct hydrophilic and hydrophobic sections within
the tortuous lipid bilayers that span the whole depth of
the stratum corneum severely limit biologic transport.
Once the biologic of interest passes through the stratum
corneum, it must then navigate through the viable epi-
dermis, which lacks blood vessels and limits diffusion or
permeation, to the dermis®, where systemic absorption
occurs. Given the large size of biologics, these barriers are
particularly challenging.

Seminal advances to overcome barriers in the clinic.
A number of approaches have been developed to over-
come the skin barrier. Typically, these methods fall into
two categories: methods that rely on drug diffusion
through the intact skin barrier®” and methods that phys-
ically disrupt and bypass the barrier®. In the latter case,
chemical permeation enhancers have shown success for
the delivery of small molecules®”; however, their use for
enhancing transdermal biologic delivery has been mini-
mal™”, especially when used alone. For increasing diffu-
sion through intact skin, transdermal patches have been
used clinically for nearly four decades for the transdermal
delivery of hormones, opioids, small-molecule anaesthet-
ics and many other drugs”®"**. Traditional transdermal
patches are not widely used for biologic delivery owing
to the size of the molecules; transdermal-patch-mediated
delivery of hormones is the exception. Still, early suc-
cesses in small-molecule drug delivery via patches have
shaped the transdermal delivery field. Patches are an ideal
drug delivery system because they can improve the ease
of administration, patient convenience, non-invasiveness
and patient compliance. In efforts to achieve the same
success for biologics, the use of devices to modulate the
skin barrier via ultrasound””, iontophoresis™, electropo-
ration’®, microneedles”’ " and jet injections*® has led to
clinical successes® (FIG. 2b). Unlike traditional transder-
mal patches, these device-based approaches can disrupt
the skin barrier such that biologics can be delivered trans-
dermally. Past clinical trials have investigated the deliv-
ery of biologics, including fertility hormones and insulin,
using iontophoresis. Few clinical studies have been ini-
tiated for the delivery of biologics using ultrasound and
traditional jet injectors (newer versions of jet injectors
have a microneedle component).

Microneedles are the most widely used technology
for the transdermal delivery of biologics in current and
past clinical trials®'. Microneedles function similarly to
conventional needles that must pierce the skin to achieve
systemic delivery””°. Microneedles can range in size up
to a few hundred micrometres and are designed to be
sharp enough to pierce and bypass the stratum corneum
to enable systemic drug absorption (FIG. 2). Microneedles
offer many of the same advantages as the standard trans-
dermal patch; they cause minimal pain and discomfort®,
can be applied by the patients themselves and thereby



Liposomes
Phospholipid-based
nanoparticles with tuneable
physicochemical parameters
that are designed to
encapsulate and deliver
biologics.
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Figure 2 | Transdermal barriers, products and new approaches. a| Delivery barriers such as the stratum corneum and
tortuous path through lipid bilayers limit biologic absorption via the transdermal route. b | Approaches to overcome these
barriers to achieve transdermal biologic delivery include microneedles, jet injectors, iontophoresis devices and ultrasound
devices, which physically disrupt the stratum corneum to improve diffusion and transport of biologics across the lipid
bilayers and through the spaces between the corneocytes. Skin-penetrating peptides bind to the biologic and key

proteins in the skin (such as keratin) to enable active transport.

substantially enhance patient compliance and conveni-
ence. Microneedles can be manufactured to align as an
array on conventional transdermal patches and provide a
direct means to control dosing via the number and load-
ing of microneedles. Polymer chemistry and formulation
approaches can also be leveraged to design microneedles
for controlled and predictable biologic delivery®. Specific
modifications to the microneedles themselves can endow
them with specific characteristics; for example, polymer
choice can be used to control biologic release and stabil-
ity®, microneedle size and shape can be used control pen-
etration depth”, permeation enhancers can be included
to improve absorption, multiple drugs or biologics can
be combined for synergistic delivery, or the microneedle
structure (for example, hollow or solid) can be modified
to control drug loading and release. Because of their ease
of use and capacity for customization, microneedles have
been successfully utilized in clinical settings. The first
clinical examples of this include the use of microneedles
to deliver influenza vaccines, insulin or parathyroid
hormone (for osteoporosis treatment).

Recent preclinical strategies. A number of preclinical
strategies for the transdermal delivery of biologics have
not yet entered the clinic. A recent example is the use
of transport-promoting peptides (FIC. 2b). A number of
novel peptides have been described that can improve
the transdermal delivery of biologics through a variety
of mechanisms. Peptides that have shown preclinical
success for the delivery of biologics (including small
interfering RNA (siRNA), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), interleukin-10 and insulin)
include pore-forming peptides such as magainin®*,
cell-penetrating peptides®, peptides that create transient

openings in the skin¥, skin-penetrating peptides® and
peptides with protein transduction domains®. Peptide-
mediated transdermal approaches have several unique
advantages over other barrier-breaching technologies.
For example, some transport-promoting peptides are
amenable to coadministration or pre-administration,
which avoids modification to the delivered biologic
through covalent or other means. Preliminary work has
shown that peptides that enhance transdermal delivery
by modulating the skin barrier can also be used syner-
gistically with other transdermal technologies such as
liposomes®; these efforts may be extended to device-
based approaches (such as ultrasound or iontophore-
sis), chemical permeation enhancers or combinations of
these (including liposomes, organic solvents and skin-
penetrating peptides). For example, a liposome for-
mulated with both permeation-enhancing ethanol and
a skin-penetrating peptide was shown to increase skin
accumulation of the siRNA by over sixfold compared
with controls”. Novel peptides can be identified and dis-
covered using high-throughput screening approaches
such as phage display®®*. Peptide docking and other
computational approaches can be used to evaluate
the contribution of individual amino acids in peptide
sequences to optimize transport® and even to facilitate
the design of peptides that contain non-natural amino
acids, which can enhance their stability. Combinations
of peptides that operate through distinct mechanisms
(for example, pore formation or cell penetration) may
also synergistically improve biologic delivery. Transport-
promoting peptides can be chemically synthesized, which
avoids the need for biological production, a method that
can increase costs, regulation and inconsistency of the
product, depending on the cell source.



Next-generation microneedle systems that build on
existing clinical successes are being developed but have
yet to enter clinical application. These microneedles
endow biologically responsive and stimuli-responsive
functionalities that are triggered by specific micro-
environmental features. In one example, microneedles
have been designed to harbour and deliver insulin from
glucose-responsive nanoparticles. These nanoparticles
are made of hypoxia-responsive polymers that are
reduced in hypoxic microenvironments, such as occurs
from the oxidation of blood glucose; the particles then
subcutaneously degrade and release insulin. As such,
this system specifically responds to elevated blood glu-
cose levels and can be used to regulate insulin deliv-
ery and concentration in real time®, potentially with
a single administration. A follow-up study reported a
microneedle that incorporated living pancreatic p-cells
to provide a constant source of insulin, thus limiting
the need for repeated administration®. Other stimuli-
responsive microneedle systems have been used with
near-infrared light irradiation to improve, for example,
the transdermal delivery of B16F10, a whole tumour
antigen vaccine against melanoma, which should locally
and systemically stimulate the immune response. The
microneedles, designed for prolonged release, were
loaded with B16F10 antigen and melanin. Following
absorption of external near-infrared light, melanin
transforms this energy into heat, which enhanced
uptake of the released B16F10 antigen by dendritic
cells compared with near-infrared-light-free controls.
Furthermore, local T cell infiltration and cytokine
release, as well as an increased systemic immune
response to the BI6F10 antigen, were observed fol-
lowing near-infrared light exposure®. These advanced
microneedle systems can breach biological barriers (as
can the early microneedle systems) and provide addi-
tional unique functions that do not currently exist in
clinical care. For example, these systems can be devel-
oped for one-time application by facilitating release and
deposition of the stimuli-responsive components in the
skin, which will be therapeutically active only after dis-
ease-associated microenvironmental cues are present.
This could enable the non-invasive and long-lasting
delivery of prophylactic biologics. The highlighted
example using living pancreatic B-cells effectively
demonstrates how a microneedle system can be used
as a semi-permanent port to enable the real-time and
responsive delivery of biologics.

Tonic liquids have recently emerged as a topical tech-
nology® for the transdermal delivery of biologics. The
physicochemical properties of ionic liquids can be con-
trolled and therefore designed to improve the transport
and solubility of biologics”. For example, ionic liquids
have been shown to enhance cell membrane permea-
bility via improved transport into the stratum corneum
and improved navigation through lipid channels®.
These liquids have also been shown to fluidize cell
membranes to improve diffusion®” and extract or dis-
place transport-limiting lipids found in the stratum cor-
neum'”. By virtue of having tuneable physicochemical
properties, ionic liquids can be specifically designed to

achieve the desired solubility, concentration and viscos-
ity, which all directly control transdermal diffusion and
delivery. Recent studies have utilized ionic liquids for
the systemic delivery of large proteins (>60kDa) such
as bovine serum albumin and ovalbumin, as well as pep-
tides such as insulin'®. Most recently, choline-based and
geranate-based ionic liquids were shown to be capable
of extracting lipids in the stratum corneum and pro-
vided a therapeutic dose of insulin that reduced blood
glucose by 40% in 4 hours, sustained over 12 hours,
in rats'®. Transdermal delivery of biologics via ionic
liquids can occur without physical disruption devices
or chemical permeation or penetration enhancers; as
such, combination approaches may prove even more
successful. Although ionic liquids are still in the pre-
clinical stage, efforts to elucidate the mechanisms of
transdermal transport, evaluate host toxicity, describe
interactions with topical microorganisms and extend
the application to therapeutic use are well underway®”.

Snapshot of current clinical trials. Many (>20) biol-
ogics are being investigated for delivery via the trans-
dermal route (TABLE 3). More than ten of these have
advanced to phase II or III clinical studies. The major-
ity of the current clinical trials (>15) are based on
microneedle or jet injection systems, which indicates
that the leading strategy to enable transdermal deliv-
ery of biologics relies on physical disruption. These
trials are evaluating the delivery of numerous distinct
biologics, ranging from large antigen vaccines to small
peptides such as insulin. A few of the remaining cur-
rent clinical trials utilize passive transdermal patches
for the delivery of smaller peptides (such as teriparatide
for osteoporosis, gonadotropin for infertility or gluca-
gon for hypoglycaemia). Our search found no currently
active trials for the transdermal delivery of proteins or
antibodies other than vaccines. However, a phase II
trial based on a hydrogel formulation for delivery of
an antitumour necrosis factor antibody was recently
completed (NCT01936337). Of the microneedle pep-
tide trials, only the studies of teriparatide and abalopa-
ratide have advanced to phase II trials. Jet injectors that
are combined with microneedles are being studied for
the delivery of insulin, proinsulin and islet cell auto-
antigenic peptides for the treatment of diabetes. Patches
that leverage iontophoresis-mediated barrier disruption
are in trials for the delivery of gonadotropin hormone
or insulin for the treatment of infertility or spinal cord
injury, respectively. Microneedle approaches are also
being investigated for vaccine delivery, and include
delivery of approved subunit vaccines (such as Fluvirin),
inactivated vaccines (for polio or rabies), vector or plas-
mid vaccines (such as those designed to treat peanut
allergies or cancer) and live vaccines (against hepatitis
or varicella). Many of these have advanced to phase II
trials, and one (recombinant hepatitis B vaccine) has
advanced to phase III. Of particular note, Fluzone
Intradermal from Sanofi is clinically approved, and
there are currently over 50 clinical trials utilizing their
microinjection system for intradermal injection of the
live flu vaccine.



Critical analysis and future challenges. A critical look at
the clinical landscape highlights the interest and poten-
tial for transdermal delivery systems in developing
non-invasive routes for biologic delivery. Unlike trans-
dermal patches for small-molecule delivery, which are
also being used for a few peptides, the majority of trans-
dermal approaches to deliver biologics rely on external
devices to physically disrupt the stratum corneum. The
size of the biologic dictates the approach for transder-
mal delivery; currently, successful systemic delivery of
large biologics requires physical disruption of the skin
barrier. This sets transdermal delivery apart from other
delivery routes because the current clinical landscape
is shifted towards devices (such as ultrasound and ion-
tophoresis) or physical disruption approaches (such as
microneedles) as opposed to novel formulation-based
methods (such as ionic liquids and chemical permeation
enhancers). Perhaps the opportunity for true disrup-
tion is in discovering or developing formulation-based
approaches that enable transdermal delivery of large
biologics. A first attempt at this may involve combining
established physical disruption approaches with formu-
lation approaches and directly comparing the combina-
tion with the individual constituents. This may provide
initial insights as to which formulation approaches are

most compatible with larger biologics and therefore
most promising for further development. No antibodies
are currently being delivered via the transdermal route
in the clinic. Because the majority of recent approvals
and interest in biologics are in antibodies, transdermal
approaches need to be developed for antibody delivery.
It is likely that this will be preceded by the successful
transdermal delivery of smaller peptides. A future chal-
lenge that may prevent the widespread use of transder-
mal delivery of antibodies is the cost, which could be
prohibitively high owing to the low bioavailability of
transdermally delivered antibodies, the time and costs
associated with mAb production, and the large size of
the dose that will likely be required. This cost-benefit
analysis may appear unfavourable compared with intra-
venous injections, which, although invasive, require a
much smaller dose owing to the high bioavailability of
biologics delivered intravenously.

Oral delivery

Oral delivery is the most widely used route of admin-
istration for small-molecule drugs owing to its non-
invasive nature, which is convenient for patients and thus
has high patient compliance, and to its limited dosing
frequency, which has been enabled by controlled-release

Table 3 | Current trials and approved products for the transdermal delivery of biologics

Name (company)
Peptides

MicroCor PTH(1-34)
(Corium)

Abaloparatide-TD
(Radius Health)

Micron)et600
(NanoPass)

Micron)et600
(NanoPass)

ZP-PTH (Zosano)

ZP-Glucagon (Zosano)

Lutrepatch (Ferring
Pharmaceuticals)

ViaDerm-hPTH(1-34)
(TransPharma Medical)

hGH-ViaDerm
(TransPharma Medical)

EE-ASI-1 (Cardiff
University)

MultiPepT1De
(King’s College
London)

James J. Peters

Veterans Affairs
Medical Center

Delivery approach

Biologic

Application/indication

ClinicalTrials.gov identifier

ACTRN12615000195550

Dissolving microneedles

Transdermal microneedle
patch (Microstructured
Transdermal System
technology from 3M)

Hollow microneedles

Hollow microneedles

Transdermal patch

Transdermal patch

lontophoretic patch

Transdermal patch

Transdermal patch

NanoPass Micron)et
technology

NanoPass Micron)et
technology

lontophoresis

Teriparatide

Abaloparatide

Insulin

C19-A3 GNP
(proinsulin)

Teriparatide

Glucagon

Gonadotropin-
releasing hormone

Teriparatide

Teriparatide

C19-A3 GNP peptide
(proinsulin peptide)

Mixture of peptides
from islet autoantigens

Insulin

Osteoporosis

Osteoporosis in postmenopausal
women

Determining pharmacokinetics
and pharmacodynamics of insulin

Immunotherapy for diabetes

* Osteoporosis in postmenopausal
women

* Preference between patch and
pen injection

Hypoglycaemia
Infertility
* Osteoporosis

* Osteoporosis in postmenopausal
women

Growth hormone deficiency in
postmenopausal women

Type 1 diabetes immunotherapy

Induce or restore immunological
tolerance to 3-cells

Spinal cord Injury

(ANZCTR identifier)
NCT01674621 (phase Il)

NCT00602914 (early phase I)

NCT02837094 (phase I)

* NCT00489918 (phase II)
* NCT02478879 (phase I)

NCT02459938 (phase )
NCT00796289 (phase Il)

* NCT01011556 (phase Il)
* NCT00535860 (phase II)

NCT00455260 (phase )

NCT02837094 (phase I)

NCT02620332 (phase )

* NCT02034331
* NCT02585765 (phase II)



formulations. These advantages are present in stand-
ard oral delivery technologies such as solid dosage
forms (capsules and tablets), syrups and other oral
dosage forms. Technologies that enable and facilitate
the oral delivery of biologics are highly desirable but
remain elusive.

Fundamental barriers. Although oral delivery remains
the mainstay for the administration of small molecules,
it cannot be reliably used to deliver proteins and peptides
owing to poor transport across the intestinal membrane
and poor absorption into systemic circulation'”" (FIC. 3a).
At the lumen-intestinal interface, intestinal epithelial
cells act as a physical barrier to limit the transport of
biologics across the intestines. Transport therefore occurs
either through passive diffusion (via the paracellular'® or
transcellular'® routes) or by active transport across the
intestinal epithelium (through carrier-mediated trans-
port mechanisms'™ or receptor-mediated transcytosis'®).

Following transport across the intestinal barrier, the drug
can be directly absorbed into systemic circulation via
capillaries that interact with the basement membrane of
the epithelial cells. Another physical barrier to intestinal
absorption is the intestinal mucus that resides above the
intestinal epithelium'®. Mucus is largely composed of
densely glycosylated proteins that are constantly being
shed and cleared through the gastrointestinal tract'®".
Mucus may also pose a major steric barrier to biologic
delivery, as it can limit diffusion or potentially trap biol-
ogics before they have the opportunity to interact with
the intestinal epithelium'®. Recent work has shown that
the mucosal barrier can also trap pathogens'®; simi-
lar interactions may prevent diffusion or transport of
biologics. The gastrointestinal tract is a dynamic site,
and because of this, the transit time of swallowed med-
ications must be sufficiently slow to allow interactions
with and subsequent diffusion through the mucus'.
In addition to the physical limitations that lead to poor

Table 3 cont.| Current trials and approved products for the transdermal delivery of biologics

Name (company) Delivery approach Biologic
Vaccines
Flu Vaccine (Emory) Microneedle patch Fluvirin:
*H1IN1
* H3N2

® Bvaccine strain

Application/indication

Flu vaccine

Metastatic cancer or sarcomas

ClinicalTrials.gov identifier

NCT02438423 (phase )

* NCT02387125 (phase l)
* NCT02609984 (phase II)

CMB305 (Immune NanoPass Micronjet * |V305: a dendritic-

Design) technology cell-targeting viral
vector

* G305: NY-ESO-1

recombinant protein
plus GLA-SE

IPOL (NanoPass) NanoPass Micronet 600 Inactivated polio

microneedle device vaccine

Microneedle rabies
vaccine (University of
Lausanne)

ASP0892 (Astellas)

HDM-SPIRE (Circassia)

Birch-SPIRE (Circassia)

Varicella vaccine
(University of Hong
Kong)

Hepatitis B virus
vaccine (University of
Hong Kong)

FDA-approved vaccines

Fluzone Intradermal
(Sanofi)

DebioJect microneedles

NanoPass Micronjet
technology

NanoPass MicronJet
technology

NanoPass MicronJet
technology

NanoPass MicronJet
technology

NanoPass Micronjet
technology

BD Soluvia microinjection

system for intradermal
injection

Pasteur rabies vaccine
(inactivated)

Single multivalent
peanut lysosomal
associated membrane
protein DNA plasmid

House dust mite
synthetic peptide
immuno-regulatory
epitopes

Birch synthetic peptide
immuno-regulatory
epitopes

Live attenuated
varicella zoster virus
vaccine

Recombinant hepatitis
Bvaccine

Four strains of
attenuated live virus:
° A (HIN1)

* A(H3N2)

* B Yamagata lineage
¢ B Victoria lineage

Polio vaccine

Rabies vaccine

Peanut allergy vaccine

Dust mite allergy vaccine

Birch tree allergy vaccine

Varicella zoster virus vaccine

Hepatitis B vaccine

Flu vaccine

NCT01686503 (phase Il)

NCT02538185 (phase )

NCT02851277 (phase |)

NCT02150343 (phase Il)

NCT02478060 (phase Il)

NCT02329457 (phase )

NCT02621112 (phase lI/111)

>50 trials, including:
* NCT02554409
*NCT01180699



Excipients

Inactive substances found

in pharmaceutical
formulations. Excipients can
include absorption enhancers,
stability enhancing agents or
anticaking agents.

a Delivery challenges

b New approaches
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Figure 3 | Oral barriers, products and new approaches. a| Delivery barriers and microenvironmental challenges that
limit biologic absorption via the oral route. b | Approaches to overcome these barriers and microenvironmental
challenges. Intestinal patches improve absorption by enhancing mucoadhesion and subsequently diffusion. Intestinal
microneedles can be used to facilitate absorption by physically breaching the epithelium. Particle formulations can
improve transport by including intestine-targeting ligands, mucoadhesive coatings or mucopenetrative coatings.
Permeation enhancers can be used to disrupt tight junctions or cell membranes to facilitate enhanced transport across
the epithelium. lonic liquids can be used to promote interactions with the mucous layer and provide permeation

enhancement to facilitate improved epithelial transport.

absorption, chemical entities in our gastrointestinal
tract, including bile salts, gastric acids''" or proteases'’?,
can either render biologics therapeutically inactive or
induce irreversible changes that limit their absorption.
Another consideration is the microbiome, as it has been
reported that microorganisms in our gastrointestinal
tract can affect the efficacy'”, and likely the absorp-
tion, of drugs. First-pass metabolism will also limit the
efficacy of orally administered biologics'**. Altogether,
the combination of physical and chemical factors that
limit systemic absorption will occur both in series and
in parallel and presents a formidable set of complex
challenges to the delivery of orally administered bio-
logics. Efforts to address these challenges for systemic
biologic delivery are highlighted below.

Seminal advances to overcome barriers in the clinic.
The most widely used approach to overcome many
of these oral delivery barriers is the use of capsules or
tablets (FIC. 3b). Currently, capsules and/or tablets are
the gold-standard dosage form for oral delivery (and
therefore arguably for drug delivery in general), as they
offer unparalleled patient acceptance. Capsules and/or
tablets offer many advantages for drug delivery, such as
solid (tablets) or liquid (capsules) dosage form delivery;
control over dissolution (which can be timed release
via polymer coatings)'", residence time (using floating
systems)''® and release (which can be osmotically con-
trolled)'”’; protection from chemical challenges (includ-
ing acids, enzymes and bile); straightforward inclusion
of stabilizing or absorption-enhancing excipients; and
superb patient convenience and compliance (due to
self-administration, pre-measured doses, colour coding
for identification and other features). These features and
advantages can be found in many commercially available
pharmaceutical products, and each can be described as
an individual seminal advance to capsules.

Building on these longstanding advances by address-
ing specific delivery barriers for biologics is an active
area of preclinical and early-stage clinical research. One
of the earliest findings was that insulin absorption via
the oral route could be enhanced by coadministering it
alongside alcohol'"¥, an advance that spurred interest in
absorption and permeation enhancers and their inclu-
sion in traditional oral delivery dosage forms. As with
transdermal delivery approaches, permeation enhanc-
ers are widely researched for increasing the bioavaila-
bility of orally delivered biologics (FIG. 3). Permeation
enhancers'” for oral biologic delivery include chelat-
ing agents''®, lipids'®’, organic solvents'*, biomole-
cules (such as bile acids and toxins)'** and polymers'*.
Solubility enhancers, which are distinct from permea-
tion enhancers, have been used for the oral delivery of
cyclosporin A. Cyclosporin A is an immunosuppressive
peptide that is clinically approved for preventing organ
transplant rejection and delivered orally in formula-
tions that use surfactants to improve solubility and thus
bioavailability'?#!?*. One clinically approved formu-
lation of oral cyclosporin A, Neoral'®, is based on a
self-nanoemulsifying drug delivery system (SNEDDS)
formulation that enhances bioavailability by controlling
the dispersion size of the surfactant-cyclosporin A com-
plex, thus directly improving the solubility of hydropho-
bic cyclosporin A'?. In this case and in other cases with
highly hydrophobic biologics such as cyclosporin A'%,
the surfactant is used to improve solubility to increase the
interactions between the drug and the intestinal epi-
thelium. Novel genetic engineering approaches that use
living bacteria that have the machinery to synthesize and
secrete biologics (for example, interleukin-10) have been
tested in clinical trials'®. This approach is similar to the
living drug factories described above for subcutaneous
delivery. Importantly, for all these examples, capsules are
an enabling platform for the oral delivery of biologics,



as they afford the freedom to simultaneously include
several of these seminal advances in a single package
that also provides protection and controlled-release
capabilities.

Recent preclinical strategies. Several approaches —
including nanoparticles, mucoadhesive modifications,
intestinal patches, hydrogels, peptide modifications
and permeation enhancers — have been developed to
enhance the oral delivery of biologics'® (FIG. 3b). Devices
that physically disrupt the intestinal barrier to facili-
tate biologic transport have also been described. Rani
Therapeutics has developed an approach to administer
an intestinal injection to bypass the above challenges
and deliver biologics. The intestinal injection device
is shielded within a standard oral capsule and coated
with enteric polymers. Once the microneedles are
exposed to enteric pH (>6), the coating dissolves and
the microneedles are exposed and penetrate the intesti-
nal epithelium. This approach effectively avoids biologic
interactions with digestive enzymes and other chemi-
cal challenges. It is possible that future microneedle
devices can use external stimuli for controlled delivery.
Similar technologies have been described in preclin-
ical academic work. In one study, a microneedle cap-
sule was designed to pierce gastrointestinal tissue and
deliver biologics. Although the microneedle capsule
was not directly evaluated for insulin delivery, it was
shown that gastrointestinal injections of insulin exhib-
ited higher bioavailability than standard subcutaneous
injections in pigs. This established the proof of concept
for oral microneedle delivery. Importantly, this study
demonstrated that this device was safe; no evidence of
tissue damage was observed, even in a case where the
microneedle remained in the gastrointestinal tract for
nearly 2 months'. These systems offer many of the
same biological breaching advantages that transdermal
microneedle systems offer; however, these systems are
still in their infancy and will require further optimization
and validation.

Other approaches have described novel muco-
adhesive patches that bind to the intestinal mucus, pro-
long the residence time and localize biologics near or at
the mucosal interface to enable unidirectional diffusion
through the intestinal cells’*>'** (FIG. 3b). As such, intesti-
nal patches can be used to overcome many of the biolog-
ical barriers that limit intestinal absorption of biologics.
Depending on the size of the patches, they can be
included in standard capsules and thus protected from
the harsh gastrointestinal conditions in the stomach and
elsewhere. The substantial efforts towards identifying
mucoadhesive polymers'***'**, chemical or permeation
enhancers'?*1*1% a5 well as biologic candidates for
intestinal absorption''*! can be leveraged for patch
design. For example, patches that utilize mucoadhesive
polymers and a chosen biologic in a matrix can ensure
rapid release at the mucosal interface'*2. Higher con-
centrations of biologics at the interface can be achieved
by controlling loading in the patch; this will improve
diffusion by creating a high-concentration reservoir at
the absorptive interface and therefore a large diffusional

gradient. By virtue of a drug-polymer matrix system,
permeation enhancers can be included to increase
absorption'*, thereby improving biologic transport.
Furthermore, enteric capsules facilitate biologic pro-
tection against harsh gastrointestinal conditions at the
desired duodenal site of intestinal absorption'**. Other
patch systems based on hydrogels'* have a rich his-
tory in pH-responsive oral drug delivery for controlled
release'***8, Controlled-release approaches can be used
to normalize dosing issues that stem from the hetero-
geneous gastrointestinal environment. Backing layers
on the lumenal side can enable unidirectional diffusion
towards the epithelium while also preventing interac-
tions between the biologic and lumen contents (such
as food, bile and enzymes)'*"'*2. Some patch systems
can be made using mass-production manufacturing
approaches' or can include multiple drug reservoirs
either for combination therapy or inclusion of excipients
(for example, chemical enhancers)'. Efforts focused
on the inclusion of excipients designed to improve
storage of heat-sensitive or moisture-sensitive biolog-
ics may be the next step in patch development. In any
case, patch-based oral delivery systems are extremely
versatile''. Much like established transdermal patch
systems, intestinal patch systems can offer an additive
effect wherein design features that individually improve
biologic delivery can be included simultaneously in a
single system. Depending on the biologic of interest,
intestinal patch systems can be used to confer protection
and control dosing, thereby dictating efficacy. Recently,
the ionic liquid transdermal technology described above
has been successfully used in preclinical models to orally
deliver insulin'*

Although particle-based delivery systems are mostly
considered in the clinic for intravenous applications (in
the case of nanoparticles'>'**) or subcutaneous appli-
cations (in the case of microparticles”*®), approaches
have also been described for oral delivery. The primary
advantages that particle-based systems provide are pro-
tection of biologics from gastrointestinal environments
and control of interactions with intestinal physical
barriers (FIC. 3). Protection can typically be addressed
using standard capsules, but controlling interactions
on the molecular scale provides a separate, large and
diverse toolbox to use to breach biological barriers in
the gastrointestinal tract. In recent work, strategies to
facilitate receptor-mediated translocation across the
intestinal epithelium have highlighted the potential
for nanoparticle-based oral delivery of biologics. In
that study, a molecular targeting approach was used
to navigate the intestinal barrier. By targeting specific
receptors (the neonatal Fc receptor) on intestinal cells,
active transport through the intestinal barrier could be
achieved to enable systemic delivery of insulin®®. In
addition to antibody-based targeting, other approaches
such as targeting peptides'”, cell-penetrating peptides'®
or aptamers' and optimization of the physicochemical
properties (for nanoparticles)'* could also be used to
improve targeting or transport. Major preclinical efforts
have described ways to improve the mucosal penetration
of nanoparticles'''®*, thus increasing the interaction



with intestinal cells residing below. By increasing the frac-
tion of nanoparticles that arrive at the intestinal epithelial
barrier, transport into systemic circulation or enhanced
diffusion, resulting from decreasing the diffusional path,
could be achieved. These approaches rely on hydrophilic
polymer coatings (such as polyethylene glycol) on the
surface of nanoparticles; thus, it is unlikely that this mod-
ification would interfere with biologic loading or release.
Importantly, these nanoparticle approaches can be com-
bined in a single system; precedence for this approach
comes from the multifunctional nanoparticles for intra-
venous applications that have already entered clinical
trials'*. Combining multiple advantages in one system
could be leveraged to design oral nanoparticle delivery
systems that can address multiple biological barriers and
physiological challenges.

Snapshot of current clinical trials. Over 20 biologics are
being clinically investigated for oral delivery (TABLE 4).
Five peptides (octreotide for acromegaly, semaglutide

for diabetes, insulin for diabetes, salmon calcitonin
for osteoporosis and desmopressin for diabetes) are in
phase I1I trials, and four vaccines (against Vibrio, chol-
era, typhoid and rotavirus) have been clinically approved
and are in clinical use. The peptides being clinically
investigated for oral delivery are all currently approved
for use via injections, which has implications for regula-
tory approval — peptides previously approved for other
routes of administration have a history of successful
approvals and safe and efficacious use in the clinic.

The delivery of insulin dominates the oral delivery
of biologics space. Other predominant biologics are
for oral vaccinations, although the majority of cur-
rent trials are for oral versions of approved vaccines
for rotavirus, typhoid or cholera. Importantly, these
diseases affect the gastrointestinal tract, which, con-
sidering mucosal immunity'®, likely influences the
desire to develop oral formulations for them. Of all the
non-invasive routes of biologic administration high-
lighted in this article, oral delivery has the most current

Table 4| Current trials and approved products for the oral delivery of biologics

Name (company)
Peptides
Mycapssa (Chiasma)

Capsulin OAD
(Diabetology)

NN9924 (Novo
Nordisk)

Ovarest (Enteris)

ORMD-0801
(Oramed)

TTP273 (vIv
Therapeutics)

Tregopil; formerly
IN-105 (Biocon)

Oral HDV Insulin
(Diasome)

Oshadi Icp (Oshadi
Drug Administration)

TBRIA (Tarsa
Therapeutics)

Vaccines
BCG vaccine (NIAID)

Delivery approach

Capsule using the
proprietary technology
platform Transient
Permeability Enhancer

Capsule using the
proprietary technology
platform Axcess

Tablet with absorption-en-
hancing excipients

Peptelligence: improved
solubility and absorption of
peptides for oral delivery

Oralinsulin capsule

that prevents enzyme
degradation and enhances
intestinal absorption

Tablet
Tablet
Capsule containing insulin

targeted to the liver

Oral formulation

Tablet

Oral suspension

Biologic

Octreotide

Insulin

Semaglutide

Leuprolide

Insulin

Glucagon-like peptide 1

Novel oral insulin
molecule

Insulin

Insulin

Salmon calcitonin

Connaught strain BCG

Application/indication

Acromegaly

Type 2 diabetes

Type 2 diabetes

Pharmacokinetic and
pharmacodynamic profiles in
healthy female volunteers

Type 1 and type 2 diabetes

Type 2 diabetes
Type 1 diabetes
Type 2 diabetes

Type 1 diabetes

Postmenopausal osteoporosis in
women

Tuberculosis vaccine

ClinicalTrials.gov identifier

* NCT01412424 (phase Ill)
* NCT03252353 (phase Ill)
* NCT02685709 (phase Ill)

EudraCT numbers:
© 2005-004753-95
©2006-006251-12

>25 trials, including:

* NCT02827708 (phase Ill)
*NCT02161588 (phase I)
* NCT02877355 (phase I)

NCT02807363 (phase Il)

* NCT02094534 (phase II)
* NCT02954601 (phase II)
* NCT02653300 (phase II)
* NCT01889667 (phase II)
* NCT02535715 (phase II)
* NCT02496000 (phase II)
* NCT00867594 (phase II)

NCT02653599 (phase Il)
NCT01035801 (phase )

* NCT00814294 (phase II/11)
* NCT00521378

* NCT01973920 (phase II)
*NCT01772251 (phase Ib)
* NCT01973920 (phase II)
*NCT01120912 (phase I)

* NCT00959764 (phase Ill)
*NCT01292187 (phase Il)
* NCT00803686 (phase Il)
* NCT00620854 (phase II)

NCT00396370



clinical trials. The indications for protein and antibody
delivery include the treatment of inflammatory bowel
disease (IBD), ulcerative colitis, hepatitis C infection,
respiratory infections, coeliac disease and pulmonary
fibrosis. A few of these proteins are for local delivery
and treatment (colitis and IBD, for example), whereas
the majority of the proteins are for systemic delivery. As
with peptides, many of the current oral trials for pro-
teins are focused on delivering commercially available
biologics via the oral route. The goal here is to avoid
injections altogether, highlighting the need for effica-
cious non-invasive delivery approaches. The main strat-
egy for enabling oral biologic delivery in current clinical
trials is to combine a standard capsule or enteric capsule

with both enzymatic inhibitors and permeation enhanc-
ers in a single formulation. As described previously, the
enteric capsule will allow the biologic to bypass the harsh
stomach conditions and provide a means to control spa-
tial release (in the duodenum). Enzyme inhibitors can
be used to prevent enzymatic degradation by lumenal
enzymes'**'””. Finally, the permeation enhancer facili-
tates breaching of the biological barrier. Many current
trials are focused on approaches that combine enzyme
inhibitors with absorption enhancers. These strategies
are being explored by Emisphere (Eligen technology),
Diabetology (Axcess oral delivery system), Oramed and
several others. In a late-stage example, Chiasma explored
a proprietary Transient Permeability Enhancer (based on

Table 4 cont.| Current trials and approved products for the oral delivery of biologics

Name (company) Delivery approach

Proteins

AVX-470 (Avaxia Delayed-release

Biologics) enteric-coated capsules
(releasing at pH 6.0)

OKT3 (Brigham and Oral delivery

Women'’s Hospital)

TAO1 (Theranos) Tablet

aCD3 (Inspira
Medical)

Oral delivery

TZLS-401 (Tiziana) Oral delivery

AGY (IGY) Capsule
Interferon-a (Texas Oral lozenge
Tech)

FDA-approved peptides

DDAVP (Ferring Tablet

Pharmaceuticals)

Neoral (Novartis), Capsule with surfactants
Sandimmune

(Novartis)

FDA-approved vaccines

Vaxchora (PaxVax) Oral reconstitution

Vivotif (PaxVax) Capsule

Rotarix Oral suspension
(GlaxoSmithKline)

RotaTeq (Merck) Oral suspension

Biologic

Polyclonal
bovine-derived
antitumour necrosis
factor antibody

Muromonab
(monoclonal antibody
approved in 1985)

TAO1, oral
homeopathic
antibodies under trade
name Contaflu

Anti-CD3 monoclonal
antibody
Anti-CD3 antibody

Immunoglobulin Y egg
yolk antibodies

Interferon-a

Desmopressin

Cyclosporin A

Live attenuated
choleravaccine

Live attenuated
Salmonella enterica
subsp. enterica serovar
typhiTy21a

Live, monovalent,
human attenuated
rotavirus strain

Live, pentavalent,
bovine attenuated
rotavirus strain

Application/indication

Inflammatory bowel disease

Ulcerative colitis

Upper respiratory tract infections

Hepatitis C

Non-alcoholic steatohepatitis

Coeliac disease

Idiopathic pulmonary fibrosis
Antidiuretic replacement therapy
for diabetes insipidus

Organ rejection prophylaxis

Immunization against disease
caused by Vibrio cholerae
serogroup O1

Typhoid vaccine

Prevention of rotavirus
gastroenteritis

Prevention of rotavirus
gastroenteritis

BCG, Bacillus Calmette-Guérin; NIAID, National Institute of Allergy and Infectious Diseases.

ClinicalTrials.gov identifier

NCT01759056 (phase I)

NCT01287195 (phase I/11)

NCT01651715 (phase I/11)

NCT01459419 (phase Il)

NCT03291249 (phase Il)
NCT01765647 (phase )

NCT01442779 (phase Il)

>85 trials, including:
* NCT03051009 (phase IIl)
* NCT02636387 (phase Ill)

>250 trials for oral
cyclosporine, including:

* NCT02706470 (phase II)
* NCT00977977 (phase II)

Multiple trials, including
NCT03220737 (phase IV)

* NCT02121145 (phase IV)
* NCT02391909 (phase V)

>50 trials

>40 trials



Pulmonary surfactant

Lipid and protein secreted by
type Il alveolar cells that
adsorb to the air—water
interface in the lungs.
Pulmonary surfactant is a
required biological fluid that
reduces the surface tension in
lung alveoli to facilitate
inhalation and exhalation.

sodium caprylate) that improved enzymatic resistance
of the biologic while simultaneously enhancing per-
meation by disrupting epithelial tight junctions. FDA
approval has been granted for the oral delivery of the
peptide desmopressin and vaccines against cholera, sal-
monella and rotavirus; these approved indications con-
tinue to be investigated in many clinical trials (over 100
are investigating vaccines, and over 80 are investigating
desmopressin).

Critical analysis and future challenges. Approaches
that combine the traditional advantages of capsules with
both permeation enhancers and protease-inhibiting
or enzyme-mitigating compounds are among the
most commonly explored oral delivery strategies.
These approaches often use biologics that are approved
through injectable routes, likely in an effort to expe-
dite approval. Of the current studies, the majority are
focused on diabetes treatment, as non-invasive insulin
delivery has long been one of the active targets in the
field of drug delivery. One common theme between
oral biologic trials and preclinical work is the use of
traditional dosage forms for formulation packaging.
The advantages of this are twofold: the established pro-
tective benefits of capsules can be used to encapsulate
these newer technologies, and patients are familiar with
this dosage form. Examples of approved, orally deliv-
ered peptides exist; however, many of these examples
still have formulation challenges. For example, Minirin,
the orally administered version of desmopressin ace-
tate, is a peptide that has low manufacturing costs and
high potency'®. As such, modifications to the peptide
structure were sufficient to enable a bioavailability of
0.16%, which is not high enough for most biologics but
were sufficient for Minirin. Taltirelin, another approved,
orally available biologic, is a highly stable peptide that
requires limited formulation to achieve therapeutic
levels of bioavailability'*s. Other examples of approved
peptides for oral delivery, such as cyclosporin A and
antimicrobial biologics, have been reviewed elsewhere'*s.
Another approach, which builds on the recent interest
in the microbiome and clinically used bacteria-based
therapeutics'®, utilizes genetically engineered bacteria
to deliver biologics. The clinical applications of these
approaches have been for local delivery and have been
reviewed elsewhere'®; however, it may be possible to lev-
erage genetically engineered bacteria to secrete drugs,
enzyme inhibitors or absorption enhancers to facilitate
systemic absorption. Living drug factories may provide
benefits that non-living systems cannot, such as their
capacity to establish permanent or semi-permanent col-
onization or their natural ability to navigate the mucus
and interact with intestinal cells.

Inhalation delivery

The inhalation route has been actively pursued for the
delivery of proteins and peptides'” because of the large
surface area and extensive vascularization in the lungs
that can enable rapid systemic absorption. Like the other
highlighted routes, the inhalation route is non-invasive
and can offer advantages such as patient compliance and

self-administration; furthermore, inhalation approaches
can use existing nebulization or inhaler-based delivery
devices.

Fundamental barriers. The inhalation route poses sev-
eral delivery hurdles (FIC. 4a). The first and most impor-
tant hurdle is the penetration of inhaled drugs deep into
the lungs. Size, shape, porosity, density and many other
physical parameters of the inhaled biologic or formula-
tion will influence deposition and distribution, and thus
absorption, in the lungs'”’. Much of the past work has
focused on determining the optimal formulation charac-
teristics to ensure appropriate lung deposition, and this
optimization would be formulation-specific because bio-
logics require individualized optimization for stability,
loading and dosing. Following deposition in the deep
lung, delivered biologics will first encounter pulmonary
surfactant'”?. This presents a transport challenge, simi-
lar to that previously described for delivery through the
lipid bilayers in the stratum corneum. In addition to
these challenges, the pulmonary surfactant must not be
disturbed during delivery or respiratory problems could
result'”. Alveolar macrophages, which are in close prox-
imity to the pulmonary surfactant, must also be avoided.
Pulmonary macrophages will internalize, sequester and
clear biologics before they reach systemic circulation'”;
the presence of immunoglobulin G (IgG) in both pul-
monary surfactant and pulmonary mucus facilitates and
accelerates macrophage-mediated clearance'”. Indeed,
sections of the lung contain pulmonary mucus, and as
described in the oral delivery section, diffusion across
the mucosal barrier and strategies to overcome mucus
turnover and clearance must be considered'®'. Enzymes
can also be encountered in the lungs, which can degrade
biologics, thus limiting delivery'”®. A few of these chal-
lenges overlap with those in other tissues, but the need
to mutually and preferentially consider lung deposition
and distribution is a key hurdle.

Seminal advances to overcome barriers in the clinic.
Devices that enable the inhalation and delivery of drugs
have spurred interest in inhalable biologic delivery.
Inhalers include metered dose inhalers, nebulizers and
dry powder inhalers'”. Metered dose inhalers were orig-
inally developed in the 1950s"” and facilitated the con-
trolled delivery of specific amounts of drugs to the lungs.
This invention'”®, along with the ability to control deliv-
ery, deeply affected the field of pulmonary drug delivery.
Today, these systems are mostly used to deliver medica-
tions to treat asthma or chronic obstructive pulmonary
disease. Typically, nebulizers and metered dose inhalers
use aqueous suspensions, which are not ideal for biologic
storage; as such, dry powder inhalers'”® are used for the
most successful inhaled biologic products. Formulating
drug powders'® is therefore the first requirement to ena-
ble delivery of biologics to the lung. Many drug powders
for inhalation are particulate drug carriers'’?. Various
synthesis approaches — including spray drying, mill-
ing, lyophilization, freeze drying and other atomization
methods — afford the freedom to optimize formulation
parameters during synthesis'®'. Seminal preclinical work
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Figure 4 | Inhalable barriers, products and new approaches. a | Delivery barriers that limit biologic transport and
absorption via the inhalation route. The physiology of the lung prevents the arrival and distribution of inhaled drugs or
drug particles. Immunoglobulin G (IgQ) antibodies present in the luminal layers act as opsonins, which leads to enhanced
uptake by alveolar macrophages and subsequent clearance. Enzymes degrade biologics before absorption. b | Approaches
to alter the physical characteristics of particles and their formulations enable suitable airway transport of formulated
biologics to lung absorption sites. Particle size and physicochemical properties dictate surfactant and mucus diffusion and
epithelial cell internalization. Physical alterations include changing the size, shape, porosity and charge of the particle.
Formulation approaches include particle surface modifications to prevent interactions with antibodies, enzymes or
macrophages. Co-encapsulation of permeation or transport enhancers can also be used to disrupt cell barriers

described the roles that particulate density, porosity,
shape, size, charge, release rate and flowability play in the
lung deposition and systemic absorption of drugs'#18-1%
(FIC. 4b). These early findings set the standard in particle
design for pulmonary biologic delivery and simultane-
ously inspired the development of approaches to evalu-
ate inhalation formulations$>'%,

Two products in particular have made substantial
progress for the inhalable delivery of biologics: Pfizer’s
Exubera and, more recently, MannKind’s Afrezza'®’.
Exubera used a dry powder inhaler, which improved
the stability and storage of insulin and optimized aer-
osol characteristics to facilitate suitable dispersion,
delivery and absorption'®®. The successful clinical trials
for Exubera'®"! led to FDA approval in 2006 (REF.'%.
However, after being clinically available and on the
market for 1 year, Exubera was discontinued"* for rea-
sons'** including the high cost'*, concerns with side
effects such as lung cancer'® and the large size of the
inhaler'®. Other inhalable insulin technologies (the
AIR system by Alkermes or the AERx system, which
was licensed to Novo Nordisk) were discontinued dur-
ing phase III trials in 2008, likely because of the with-
drawal of Exubera'”’. More recently, in 2014, MannKind’s
Afrezza received FDA approval for the inhalable delivery
of insulin based on clinical trial data'”’. Afrezza is still in
active clinical trials (TABLE 5) and is marketed for inhalable

insulin delivery. Thorough analyses have been published
comparing Exubera and Afrezza, specifically discuss-
ing the potential Afrezza has in achieving commercial
success, perhaps through implementing lessons learned
from Exuberas discontinuation”'*”'%, For example, better
commercial success of Afrezza over Exubera could arise
from Afrezza’s smaller size, increased user-friendliness
(that includes packaging with standard insulin dosing
units)'®” and favourable pharmacokinetic profile that
mimics endogenous insulin'®. It is also worth mention-
ing the successful local delivery of peptide-containing
or protein-containing lung surfactants (for example,
Survanta, Infasurf and Curosurf) for the treatment of
neonatal or infant respiratory distress syndrome'®¥".
Although these products are administered intratracheally,
they have established the delivery of biologically sourced
peptides and proteins to the lungs for local action.

Recent preclinical strategies. As with oral delivery,
particle-based approaches can afford molecular-level
control over interactions between the particles and
the lung. Particle-based systems can leverage existing
knowledge of lung deposition and subsequent absorp-
tion'”. Indeed, modification of particle platforms to
control their microenvironmental interactions is the
most active area of preclinical research to overcome sys-
temic lung delivery barriers®®. Strategies used in other



Table 5 | Current trials and approved products for the inhalation delivery of biologics

Name (company) Delivery approach
Peptides

Dance 501 Inhaler (insulin in
(Dance Biopharm) liquid)

Vaccines

MVAS85A (Oxford Aerosol

University)

PURO0O03 (Pulmatrix) Nebulizer
Ad5Ag85A (McMaster  Aerosol

University)

FDA-approved peptides

Biologic

Human insulin

Recombinant modified
vaccinia virus Ankara
expressing antigen 85A
(MVAB85A)

Not listed

Recombinant replication-
deficient human adenoviral
tuberculosis vaccine
containing immunodominant
antigen Ag85A

Human insulin

Application/indication

Pharmacokinetic and
pharmacodynamic profiles of
Dance 501 in healthy subjects
without diabetes but with mild to
moderate asthma or COPD

Tuberculosis vaccine

Flu vaccine

Tuberculosis vaccine

Approved indication: diabetes
mellitus

ClinicalTrials.gov identifier

* NCT03307512 (phase l)
*NCT02716610 (phase I/11)
* NCT02713841 (phase I/11)

* NCT01497769 (phase I)
* NCT02532036 (phase I)
* NCT01954563 (phase I)

NCT00947687 (phase )
NCT02337270 (phase )

>20 trials (none active),

Exubera (Pfizer) Inhaled through
mouth
Afrezza (MannKind) Inhaled through

mouth

Human insulin

COPD, chronic obstructive pulmonary disease.

areas of particle-based drug delivery are also being inves-
tigated*”". For example, mucopenetrative and mucoadhe-
sive methods to increase retention time or diffusion have
been considered*. Chemical or permeation enhancers
such as surfactants, polymers and sugars are being inves-
tigated to aid in the transport of biologics across the epi-
thelial barrier in the lungs®”. Cell-penetrating peptides*”
may also improve biologic transport via the mechanisms
described previously. Other efforts focus on optimizing
excipient ratios to stabilize the biologic during process-
ing and storage, to prevent biologic aggregation and
to ensure suitable dispersion once the particle begins to
solubilize. These efforts may lead to the development
of nebulized approaches, as storage of biologics in liq-
uids remains a limiting challenge®'. The use of enzyme
or protease inhibitors to prevent premature digestion of
the biologic has also been shown to improve delivery®*.
Areas of research that can potentially address current
systemic absorption challenges in the lungs may include
the development of formulations that contain targeting
ligands or hydrophilic coatings to avoid macrophage
uptake, or that have mucoadhesive or mucopenetrative
abilities (FIC. 4b).

Snapshot of current clinical trials. Current clinical trials
for the inhalation delivery of biologics focus on insulin
or vaccines (TABLE 5). Over 50 trials exist for the FDA-
approved inhalable insulin Afrezza. For the previously
discontinued inhalable insulin, Exubera, the previous
trials (>20) and their details can still be accessed. Other

Approved indication: diabetes
mellitus

including:
* NCT00734591
* NCT00359801 (phase IV)

>50 trials, including:

* NCT02527265 (phase II)

* NCT03324776 (phase lll)
* NCT03313960 (phase IV)

trials for inhalable insulin include Dance 501, which is
a stable liquid insulin formulation with a pocket-sized
inhalation device. The liquid formulation is distinct
from the dry powder inhalable insulins, Afrezza and
Exubera. Inhalable vaccines for the flu, via nebulizer,
and tuberculosis, via aerosol, are also being investigated
in clinical trials. As with oral vaccines, there may be
advantages related to mucosal immunity if lung delivery
is used for these vaccines'®. A recently completed clin-
ical trial from MannKind investigated the inhalation of
human parathyroid hormone for the treatment of osteo-
porosis. Other completed clinical trials have tested the
inhalation of human growth hormone (Alkermes and
Eli Lilly), interleukin-2 for pulmonary metastases and
immunodeficiency, an erythropoietin-Fc fusion pro-
tein for anaemia, heparin for thrombus prevention,
oxytocin for postpartum haemorrhage and calcitonin
for osteoporosis. These trials are either completed or
being explored for local delivery and hence are not
listed in TABLE 5. This broad range of indications high-
lights the potential of inhalable biologics. Importantly
— although not covered in depth here — there are many
active, late-stage (for example, phase II/III) trials inves-
tigating the lung delivery of proteins and peptides for
local lung delivery. Examples include Kamada’s inhal-
able al-antitrypsin formulation for the treatment of
emphysema (phase II/III), Grifols’ nebulizer-delivered
prolastin (al-antitrypsin) for the treatment of cystic
fibrosis and Bayer’s phase II study for the local delivery
of interleukin-4 for asthma treatment, to name a few.



Critical analysis and future challenges. One of the main
challenges in the field is overcoming the past withdrawal
and discontinuation of Exubera and other late-stage
inhaled insulins (for example, AERx and AIR). Although
these products set the standard for the inhalation of biol-
ogics, they also raised considerable doubt as to whether
or not inhalable insulin delivery is a commercially viable
long-term product. This is an important consideration
because the majority of current efforts are focused on
inhalable insulin. Few novel devices are being developed
for inhalation delivery simply because inhalable devices
currently exist (such as dry powder inhalers) and, much
like the capsule for oral delivery, these devices are the
gold standard for inhalation. As such, the overwhelm-
ing majority of efforts focus on optimizing current
device-compatible platforms, such as particle-based for-
mulations, or combining various approaches to overcome
delivery challenges.

Nasal and buccal delivery

Nasal and buccal delivery has been actively pursued for
peptide delivery owing to the relatively easy access and
high permeability of the mucosal membrane compared
with other tissues®®. To date, many approved and clini-
cally studied biologics for non-invasive delivery utilize
the buccal or nasal administration route.

Fundamental barriers. Nasal and buccal delivery routes
have substantial transport barriers, somewhere between
those posed by the skin and the intestine in terms of
severity®®. Like the intestinal mucus, the nasal and buc-
cal mucosal surfaces can limit what reaches the absorp-
tive cells and thus what enters systemic circulation. For
both buccal and nasal delivery, biologic transport across
the mucosal and epithelial layers (which is up to 800 pm
thick for the buccal route*”) must occur to enable sys-
temic absorption. The epithelial layer, specifically the
unique lipid content of the buccal epithelium, poses
the greatest issue®’. Limitations unique to nasal deliv-
ery are predominately related to the low surface area
available for delivery, which limits dosing and absorp-
tion and thus therapeutic efficacy. Other, non-barrier
challenges that specifically limit buccal delivery relate
to taste’®® and the potential for the biologic to be diluted
by saliva or even swallowed and delivered orally>®.
Issues that limit absorption and are common to other
delivery routes include the irritation that can occur at
mucosal surfaces?, the limited surface area available
for transport®”, the presence of degrading enzymes at
the mucosal surface (more prevalent for the nasal sur-
face)*'® and the potential for microorganisms to interact
with the delivered biologic, as has been recently shown
for other mucosal surfaces and drugs®"'. Delivery via
the sublingual route also occurs at the oral mucosal
interface. Sublingual administration occurs under the
tongue and is distinct from buccal administration,
which occurs on the inner cheek. It should be noted that
although therapies can be absorbed extremely rapidly
via the sublingual route, it is less investigated as a route
of administration for biologics than the buccal route®
and thus is not highlighted in depth here.

Seminal advances to overcome barriers in the clinic.
Spray-based approaches dominate the clinical land-
scape for biologics delivered through the nasal route.
Sprays have been developed to enable rapid absorption
when applied to the nasal®’?, and to a lesser extent the
buccal, membrane surfaces. Sprays rely on absorption
by the vascular mucous membrane in the nose, can be
self-administered and offer rapid onset of action?’. One
of the main advantages of sprays is that they disperse and
spread on mucosal surfaces on the nasal or oral cavity,
and thus absorption can readily occur. Many nasal sprays
have been approved for the delivery of biologics, such as
DDAVP for the delivery of desmopressin, Miacalcin for
the delivery of calcitonin, Syntocinon for the delivery of
oxytocin and Synarel for the delivery of nafarelin, all via
nasal spray. A flu vaccine, FluMist Quadrivalent, has also
been approved as a nasal spray (TABLE 6).

Recent preclinical strategies. Similar to other tissues
that require epithelial transport, permeation enhancers
are widely investigated for improving biologic trans-
port in buccal?'* and nasal?"® routes. Other approaches
utilize surfactants or bile salts to aid in the solubiliza-
tion and extraction of lipids from the buccal tissue to
enable transport of biologics through the paracellu-
lar route?'®. Fatty acids have been used to reduce lipid
packing between epithelial cells to improve biologic
absorption?"”. Mucoadhesive delivery technologies are
used to interface the biologic with the mucosal surface
to control contact and delivery times®'®. Efforts to extend
the contact time between the biologic and the absorp-
tion site focus on the use of mucoadhesive polymers
to maintain the biologic at the mucosal surface; these
advantages were previously described for other tissues,
and the same advantages apply to the buccal and nasal
routes. The contact time can be extended either directly
by increasing absorption by modulating the epithe-
lial barrier or indirectly by prolonging residence time
with high-concentration reservoirs. Current preclinical
efforts focus on developing and evaluating novel addi-
tions to these established approaches. For example, most
continued efforts focus on discovering or engineering
novel permeation enhancers and mucoadhesive poly-
mers***"”. Nanoparticle-based systems, as highlighted
in all previous sections, offer superb control over the
molecular interactions with the mucus and epithelium
and are being investigated for buccal and nasal deliv-
ery to improve biologic absorption through targeted,
improved navigation through the mucus and improved
biologic stability**.

Snapshot of current clinical trials. Numerous approved
uses for biologics utilize the buccal and nasal routes
(TABLE 6). Currently investigated buccal formulations
include mucoadhesive films, sprays and nanoparticles
for insulin delivery. Multiple early stage (phase I or
phase II) vaccines (for example, those for tuberculo-
sis, syncytial virus, HIV, Sendai virus or flu) are being
developed for nasal delivery. These nasal formulations
are all liquid-based and are delivered either as sprays
or drops.



Table 6 | Current trials and approved products for the nasal or buccal delivery of biologics

Name (company)

Peptides
Oral-lyn (Generex)

MSL001-PH-2-1
(Midatech)

Hadassah Medical
Organization

NanoCelle Insulin
(Medlab Clinical)

Vaccines

BPZE1 (Institut National
delaSantéetdela
Recherche Médicale)

INFLUSOME-VAC
(Hadassah Medical
Organization)

EuroNeut41
(PX Therapeutics)

GelVac
(Nanotherapeutics)

HIV vaccine
(St George’s, University
of London)

Tuberculosis vaccine
(St George’s, University
of London)

Respiratory syncytial
virus vaccine (NIAID)

Invaplex 50 (US Army)

Ebola vaccine (NIAID)

Sendai vaccine
(St. Jude Children’s
Research Hospital)

Delivery approach

Buccal spray
Buccal soluble film
Buccal soluble film

Nano-formulated buccal
spray

Nasal spray

Liposomal-based nasal
spray

Nasal spray

Dry nasal powder
formulated with aloe vera
polysaccharide polymer for
enhanced mucoadhesion

Nasal immunization

Nasal immunization

Nose drops
Nasal spray

Administered intranasally
by a VaxINator device

Intranasal liquid drops

Biologic

Insulin
Insulin
Insulin

Insulin

Live attenuated Bordetella
pertussis

Strains:

* A(H3N2)

° A(H1N1)

* B Yamanashi

EN41-FPA2 (gp41-based)

Inactivated H5N1
influenza vaccine

HIV gp140

Ag85B-ESAT6 fusion
protein H1

RSVcps2 vaccine

LPS with effector proteins
IpaB and IpaC

HPIV3-EbovZ GP (human
parainfluenza virus type
3 expressing Ebola virus
glycoprotein)

Live Sendai virus

Investigated application/
indication

Type 1 and type 2 diabetes
Type 1 diabetes
Diabetes

Diabetes

Bordetella pertussis vaccine

Flu vaccine

HIV vaccine

H5N1 influenza vaccine

HIV vaccine

Tuberculosis vaccine

Respiratory syncytial virus cps2
vaccine
Shigellosis vaccine

Ebola vaccine

Sendai vaccine

ClinicalTrials.gov identifier

* NCT00948493
* NCT00668850 (phase Ill)

ACTRN12615000495527
NCT01446120 (phase )

ACTRN12616001072404
*NCT01188512 (phase I)
* NCT02453048 (phase I)

NCT00197301 (phase I/11)

NCT01509144 (phase |)

NCT01258062 (phase )

NCT00369031 (phase |,
terminated owing to safety
issues)

NCT00440544 (phase |,
terminated owing to safety
issues)

* NCT01852266 (phase I)
* NCT01968083 (phase I)
NCT00082069 (phase I)

NCT02564575 (phase |)

NCT00186927 (phase I)

Critical analysis and future challenges. Many of the
same approaches (such as permeation enhancers and
mucoadhesion) used for other mucosal and epithelial
barriers are used for nasal and buccal delivery, but they
are limited by the low surface area relative to the trans-
dermal route. Despite the comparable accessibility and
ease of administration between transdermal and buccal
or nasal mucosal surfaces, preclinical and clinical efforts
are comparatively lacking for the buccal and nasal
routes. The buccal or nasal route is ideally suited for
specific applications that occur preferentially at mucosal
surfaces (such as vaccines). The nasal route can also
make use of the connection from the nasal-accessible
olfactory pathway to the brain***>. Indeed, the clini-
cal landscape, which is dominated by approved nasal

sprays and currently investigated vaccines, indicates this
may be the case. It is also clear that an opportunity to
develop new approaches that have distinct mechanisms
from traditional approaches (namely, mucoadhesive
films and sprays) could exist. However, given the lim-
ited absorptive surface area, it is challenging to use the
nasal or buccal routes to deliver the high doses required
by many antibodies or proteins.

Conclusion

The rapid approval and use of biologics in the clinic have
led to a shift in how these drugs are delivered. This shift
requires new delivery strategies as new challenges and
unmet needs arise. These challenges include account-
ing for patient adherence, compliance and acceptance.



Table 6 (cont.) | Current trials and approved products for the nasal or buccal delivery of biologics

Name (company) Delivery approach
FDA-approved peptides

DDAVP (Ferring Nasal spray
Pharmaceuticals)

Miacalcin (Novartis) Nasal spray
Syntocinon (Novartis) Nasal spray

Synarel (Pfizer) Nasal spray
FDA-approved vaccines

FluMist Quadrivalent Nasal spray

(AstraZeneca)

As doses of biologics can span nearly an order of mag-
nitude, versatile delivery technologies that are amena-
ble to different volumes, preparations and even states
of drugs will need to be designed. A major focus has
been on identifying and evaluating excipients for stor-
age, enhancing permeation and diffusion, and enabling
prolonged residence time at the injection site to improve
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