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Introduction: Among the range of therapeutic protein candidates for new

generation treatments of neurological diseases, neurotrophic factors and

recombinant antibodies hold the greatest potential. However, major difficul-

ties in their safe and effective delivery to the brain severely limit these appli-

cations. The BBB restricts the exchange of proteins between the plasma and

the CNS. Moreover, therapeutic proteins often need to be selectively targeted

to the brain, while minimizing their biodistribution to systemic compart-

ments, to avoid peripheral side effects. The intranasal delivery of proteins

has recently emerged as a non-invasive, safe and effective method to target

proteins to the CNS, bypassing the BBB and minimizing systemic exposure.

Areas covered: We critically summarize the main experimental and mechanis-

tic facts about the simple and non-invasive nasal delivery approach, which

provides a promising strategy and a potential solution for the severe unmet

medical need of safely and effectively delivering protein therapeutics to

the brain.

Expert opinion: The intranasal route for the effective delivery of recombinant

therapeutic proteins represents an emerging and promising non-invasive

strategy. Future studies will achieve a detailed understanding of pharmaco-

kinetic and mechanisms of delivery to optimize formulations and fully exploit

the nose-to-brain interface in order to deliver proteins for the treatment of

neurological diseases. This expanding research area will most likely produce

exciting results in the near future towards new therapeutical approaches for

the CNS.

Keywords: Alzheimer’s disease, BBB, biologicals, intranasal delivery, neurodegenerative diseases,

neurotrophins, NGF, therapeutic antibodies
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1. Introduction

The effective treatment of neurological and neurodegenerative disorders is a severe
unmet need, and the delivery of pharmacologically relevant quantities of therapeutic
proteins (the so-called ‘biologicals’) to the brain, across the BBB, is a key aspect to
be solved.

Among the wide range of biologicals (i.e., protein therapeutic candidates) for the
treatment of CNS diseases, neurotrophic factors and recombinant antibodies hold,
as protein classes, the greatest promises.

Indeed, different neurodegenerative diseases, such as Alzheimer’s (AD), Parkin-
son’s (PD) or Huntington’s (HD) disease, or amyotrophic lateral sclerosis (ALS),
affect primarily a specific class of neurons. This has led to the now well-
established therapeutic concept that neurotrophic factors, specifically acting on
those cells, represent promising candidates for the treatment of such diseases.
Despite high enthusiasm, however, early attempts to develop clinical treatments
based on such a basis were not successful [1]. Problems with the effective delivery
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to the brain and side effects due to systemic negative actions
are recognized as the hurdles and the difficulties to
be overcome.
As for antibodies, human or humanized antibodies repre-

sent the largest class of therapeutic proteins in the pharmaceu-
tical market and the clinical pipelines of the pharmaceutical
industry [2,3]. Antibody-based therapies have proven effica-
cious in a variety of diseases, but the majority of the current
antibody-based therapies are related to therapeutic areas other
than the CNS [4]. One notable exception is provided by the
current passive immunization clinical trials for AD targeting
the Ab peptide [5]. Also, in the case of antibodies, despite
the huge therapeutic opportunity provided by the increasing
number of target molecules potentially relevant for
antibody-based therapies in the CNS, the exploitation of
this potential is currently limited by the difficulty in targeting
antibodies, or smaller antibody domains [6], across the BBB
into the brain.
Thus, the presence of the BBB prevents an effective

systemic delivery of protein therapeutics, such as

neurotrophins or antibody domains. On the other hand, the
high systemic doses required to achieve pharmacologically rel-
evant therapeutic levels in the brain can lead to adverse effects
in the body. Thus, protein therapeutics has been so far
directly targeted into the brain through invasive, highly
unpractical techniques requiring neurosurgery [1,7].

The possibility of targeting protein therapeutics in the
brain by less invasive protocols remains an open question.
Intranasal delivery of proteins [8] has recently emerged as a
non-invasive, safe and effective method to target peptide and
proteins to the CNS, bypassing the BBB and minimizing
systemic exposure.

In this review, we critically discuss the evidence for the use
of the intranasal delivery as a non-invasive technique to
deliver peptides and proteins to the brain, the pathways and
mechanism underlying their entry and distribution into the
CNS, and the advantages/disadvantages for its application in
a clinical context focusing mostly on neurotrophic factors,
neuropeptides and antibody domains.

1.1 Bypassing the BBB: a general overview
The BBB, a physical, metabolic and immunological barrier
located at the level of the brain endothelial cells [9], regulates
the homeostasis of the brain, by limiting the access of plasma
components, red blood cells and leukocytes into the brain,
and preventing most foreign substances from entering the
brain from the circulating blood [10].

The BBB limits also the distribution of systemically admin-
istered therapeutics to the brain, posing a significant challenge
to drug development efforts to treat CNS disorders [11].
Despite the extensive cerebral vasculature network and the
presence of several transport systems, specific for proteins
and peptides [12-14], ~ 98% of small molecules and almost
all larger protein molecules (with some notable exceptions,
such as transferrin or IGF-1, which exploit specific transport-
ers) fail to cross the BBB and reach the CNS following a sys-
temic delivery, requiring high doses to achieve therapeutic
levels, which can lead to adverse effects in the body [15,16].
Indeed, some proteins cannot exceed low threshold concen-
trations in the blood because of the onset of undesired side
effects. For example, intravenous nerve growth factor (NGF)
doses of 0.1 µg/kg induce a myalgic and nociceptive reac-
tion [17]. Thus, for such molecules, increasing the systemic
dose, to increase the amount passing the BBB, is not a
viable strategy.

There is also growing evidence that disruption of the BBB
itself can precede, accelerate and contribute in different ways
to the disease processes in neurodegenerative disorders, such
as AD, PD, MS and ALS [9,18-21]. This phenomenon could
modify the delivery and the clearance of the proteins into
the brain in pathological conditions and should be analyzed
on a case by case basis. A deeper overview on this topic is
beyond the scope of this review.

Attempts to improve the capability of systemically
administered biopharmaceutical drugs to cross the BBB, by

Article highlights.

. Numerous neurological diseases require a targeted
delivery of proteins to the CNS. However, the presence
of the BBB prevents an effective systemic delivery of
protein therapeutics, especially as far as it concerns
neurotrophic factors and antibodies/antibodies domains.
This is often achieved through invasive methods, such as
intracerebroventricular infusions, with severe limitations.
Intranasal delivery represents a non-invasive, safe and
essentially painless approach.

. The mechanisms of the intranasal delivery are regulated
by the anatomy of the nasal cavity. A combination of
pathways are important for the transport from the nasal
cavities to the brain, depending on the chemical
properties of the molecules, the type of formulation and
the device used for delivery. Through the olfactory
pathways, there is no systemic absorption of the
delivered molecules. This feature limits the presence of
undesired side effects.

. The intranasal delivery was proven to be more effective
than other non-invasive methods, such as
ocular delivery.

. To improve the intranasal delivery of protein drugs, the
physicochemical characteristics should be considered as
well as optimization of formulation.

. Different potential therapeutic proteins are being
investigated for the intranasal delivery on the cure of
neurological diseases. Among these, we focus in this
review on neurotrophins, neuropeptides, growth factors,
chemokines, hormones and antibodies, with particular
emphasis on those already tested in a clinical trial.

. The future perspectives of the intranasal delivery field
cover the use of the delivery of nucleic acids (both DNA
and RNA), virus (especially those naturally targeted to
the olfactory pathway) and stem cells.

This box summarizes key points contained in the article.
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transient opening, include osmotic disruption/shrinking of
the BBB by the intracarotid administration of hypertonic sol-
utions or opening the BBB tight junctions via receptor-
mediated mechanisms, [15]. However, this BBB transient
opening is considered unsafe and could damage neurons due
to blood components entering the brain.

Other attempts to increase BBB transport of therapeutic
proteins into the brain include their coupling or engineering
with specific amino-acidic domains, entire carrier proteins,
antibodies or chemical groups, capable of enhancing their
CNS delivery and exploiting specific BBB transporters [9,22].
However, these are not general approaches, as they require
an extensive optimization on a case by case basis and could
lead to immunogenic reactions [10].

In the absence of better ways to bypass the BBB, therapeu-
tics can be introduced directly into the CNS by intracerebro-
ventricular or intraparenchymal injections [1,7]. However,
these delivery methods are invasive, risky and expensive,
requiring surgical expertise and hospitalization.

The intranasal delivery route [23,24] has emerged as a viable
alternative to invasive delivery methods to bypass the BBB
and rapidly target protein therapeutics directly to the CNS
in a safe and pharmacologically effective manner, reducing
systemic exposure [25,26]. The olfactory organ is a natural
port of entry to the CNS, the only part of the brain directly
in contact with the external environment and provides, there-
fore, a unique opportunity to deliver protein therapeutics to
the brain.

Intranasal delivery has received an extensive validation as a
general non-invasive method for brain targeting of a large
class of peptides and proteins and was also shown to work
in humans, being easily administered, maximizing patient
convenience, comfort and compliance [27].

2. Intranasal delivery: mechanism and
pathways

2.1 The nasal cavity: a natural port of entry into the

brain
The roof of the nasal cavity represents a natural port of entry
in the brain. Indeed, axon bundles from the olfactory recep-
tors neurons, located in the olfactory epithelium, cross into
the brain through the manifold small holes of the cribriform
plate of the ethmoid bone. These nerve bundles, with their
associated cells, and these holes in the cibrous plate are
exploited for the intranasal delivery of protein into the brain.

Different pathways mediate transport from the nasal cavi-
ties to the brain, depending on the chemical nature and
properties of the molecules, the formulation and the
delivery device.

Transport pathways include nerves (olfactory and trigemi-
nal) connecting the nasal passages to the brain, vasculature,
cerebrospinal fluid (CSF) and lymphatic system (Figure 1).

In humans, nasal cavities are subdivided into three regions:
the nasal vestibule, the respiratory region and the olfactory

region. Absorption of drugs occurs in the respiratory and in
the olfactory regions of the nasal cavities.

2.2 The respiratory epithelium
The respiratory region is covered by a pseudostratified epithe-
lium formed by ciliated and non-ciliated cells, which produce
an overlaid viscous mucosal layer. Materials deposited on the
epithelial surface are gradually cleared from the nasal cavity by
the movement of the microvilli (mucociliary clearance mech-
anism). Besides a defense function, microvilli increase the sur-
face of absorption, making the respiratory epithelium the
major site for systemic drug absorption from the nasal route,
due also to its extensive vasculature.

2.3 The olfactory epithelium and the olfactory nerve

pathway
The olfactory organ is located, in humans, in the roof of the
nasal cavity. The olfactory epithelium covers a large area of
the nasal cavity in rodents and carnivores (50 and 77%,
respectively), but a much smaller area (~ 3%) in humans [28].

The olfactory epithelium comprises olfactory receptor
neurons (ORNs), sustentacular cells which support ORNs
and basal cells, which are able to differentiate into neuronal
receptor cells and replace them every 30 -- 40 days.

The olfactory receptor cells are bipolar neurons with a sin-
gle dendritic process which extends to the free apical surface,
where it terminates in numerous long and non-motile cilia.
An unmyelinated axon penetrates the basal membrane to
join other axons and form large bundles in the lamina propria.
The axons bundles, ensheathed by glial cells (Schwann cells),
cross into the cranial cavity through small holes in the cribri-
form plate of the ethmoid bone and synapse in the olfactory
bulb. From the olfactory bulb, axons originate in the mitral
or tufted cells and connect to the olfactory tubercle. The pro-
jections then go to the amygdala, the prepyriform cortex, the
anterior olfactory nucleus and the entorhinal cortex, as well as
the hippocampus, hypothalamus and thalamus.

At the nasal surface, the membranes of adjacent olfactory
receptors and supporting cells are connected by classical inter-
cellular tight junction complexes [29], creating a regulated bar-
rier between cells. The dynamical cellular environment of the
olfactory epithelium, with a rapid turnover of ORNs, plays a
crucial role in the mechanism of intranasal protein delivery
into the brain. Indeed, ORNs regenerate every 3 -- 4 weeks
from basal cells located at the basal membrane of the olfactory
epithelium. As a consequence, the nasal epithelium barrier to
the CNS may transiently open at the multiple sites of integra-
tion of tuning over ORNs, also by modulating the expression
of junction proteins, and could become locally, but diffusely,
‘leaky’ to applied proteins [24].

The transport/traffic of drugs (be it small molecules or
proteins) to the brain, by the intranasal route, involves two
main mechanistic steps, the crossing of the nasal epithelium
and the subsequent, longer distance, transport/traffic to
the brain.
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Drugs can cross the olfactory epithelium using two different
pathways: a transcellular pathway, by receptor, carrier-mediated
or vesicular transport mechanisms across the cells of the epithe-
lium, and a paracellular pathway, via gap or tight junctions
between cells and/or perineural channels. Given the unique
environment of the olfactory epithelium, the same intracellular
(transcellular) or extracellular (paracellular) mechanisms of
transport along olfactory nerves might underlie the transport
of intranasally administered proteins to the CNS.

2.3.1 Transcellular pathway
The transcellular pathway, which has been demonstrated for
small lipophilic drugs or substances such as gold particles [30],
aluminum salts [31] and for substances with receptors
expressed on ORN surface (WGA-HRP) [23,32], requires
specific receptors or adsorptive endocytosis, followed by

axonal transport and is slow: it takes from several hours to
3 -- 4 days for a drug or a protein to reach the olfactory
bulb and other brain areas [32]. This is a classical saturable,
receptor-mediated axonal transport pathway, requiring
cellular uptake and intracellular transport.

2.3.2 Paracellular pathway
The paracellular pathway is an extracellular transport mecha-
nism involving the rapid movement of molecules between
olfactory epithelium cells that can also contribute to the trans-
port of molecules into the brain [33,34]. The extracellular trans-
port to the olfactory bulb, via the paracellular pathway, has a
fast kinetics, occurring within 30 min (or even less, in some
cases) from the administration of the drug or the protein [24].

In the paracellular pathway, one mechanism through which
molecules might reach the brain is via openings in gap or tight

Frontal lobe

Olfactory bulb
CSF

Bulk flow

Cribriform plate

Paracellular pathway

Trigeminal pathway
Axons

Trigeminal nerve
endings

Systemic
absorption

Blood vessels

Mucus

Ciliated epithelial cells

Non-ciliated epithelial cells

Respiratory epithelium

Olfactory epithelium
Transcellular pathway

Olfactory cortexSustentacular cells

ORNS

Mucociliary clearance

Perivascular transport

Perivascular transport

Perivascular space

Perivascular space

Interstitial fluid

Olfactory ensheating
cells

Limbic system

Thalamus

Figure 1. Schematic view of the different fate and pathways for protein/drug absorption and transport from the nasal cavity

to the CNS. After intranasal administration, drugs (red circles) can enter in contact with the respiratory or the olfactory

epithelium. In the respiratory region, ciliated epithelial cells and mucous secreted by non-ciliated cells contribute to the

mucociliary clearance mechanism that removes substances from the nasal cavity. Drugs can penetrate the systemic

circulation though passage in blood vessels found in the lamina propria underlying the respiratory epithelium region. In the

olfactory epithelium region, in the roof of the nasal cavity, ORNs (blue and green circles) surrounded by sustentacular cells

(white circles) contribute to the absorption of molecules through the receptor-mediated transcellular pathway, according to

which proteins/drugs are endocytosed by ORNs and transported to the brain by slow axonal transport in the olfactory

nerves. From the olfactory epithelium, molecules can also transit to the CNS through the rapid, nonsaturable paracellular

pathway, travelling in channels formed by olfactory ensheathing cells (orange circles) along ORN axons. From these

channels, drugs reach the olfactory bulb and other brain regions. Drug absorption into the CSF or into perivascular spaces

provide further rapid and widespread biodistribution mechanisms. Transport via the trigeminal nerves, instead of the

olfactory nerves, would transport drugs to more caudal regions of the brain.
ORN: Olfactory receptor neuron.
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junctions between cells of the olfactory epithelium, made
leaky as ORNs turn over and regenerate [35-37], after which
they get transported by bulk flow mechanisms within perineu-
ral channels formed by olfactory ensheathing glial cells around
the olfactory axon bundles. From these perineural channels,
intranasally delivered peptides or proteins reach the olfactory
bulb and other brain regions.

As for the relative contribution of transcellular versus the
paracellular transport to protein transport and delivery to
the CNS, the majority of studies published so far showed a
rapid kinetics of accumulation in the CNS, within 1 h of
intranasal administration [33,38-39] consistently with a paracel-
lular transport. In addition, except for a few exceptions, the
transport system does not appear to be saturable, as in the
case of NGF and IGF-1 [33,40], suggesting a non-receptor-
mediated transport. Finally, the broad spectrum of peptides
and proteins shown to be effectively delivered to the CNS fol-
lowing intranasal administration does not account for a
receptor-mediated transcellular transport system that would
involve the unlikely case of a broad range of different recep-
tors. This evidence points to a prevailing paracellular pathway
mechanism as a direct nose-to-brain route.

2.3.3 Trigeminal nerve pathway
In addition to the olfactory nerve pathway, transport to the
CNS can also take place via a trigeminal nerve pathway [33],
along the peripheral ophthalmic branch of trigeminal nerves,
emerging from the semilunar Gasser ganglion, which inner-
vates the respiratory and olfactory epithelium [41], and whose
central processes enter the CNS, from the Gasser ganglion
at the level of the pons. Collaterals from the trigeminal nerve
also reach the olfactory bulb [42]. As far as the mechanism is
concerned, due to these anatomical similarities, molecules
might travel along the trigeminal axons through paracellular
channel mechanisms analogous to those described for the
olfactory nerve, although channels formed by ensheathing
glial cells around trigeminal nerve fibers have not yet been
described. The trigeminal pathways would allow for the trans-
port of molecules to the posterior parts of the brain, such as
cerebellum and brainstem [38,39,43]. A contribution to this
form of intranasal delivery has been shown for IGF-I [33],
IFN-b1b [44], hypocretin-1 [45] and an antagonist of the
urokinase plasminogen activator receptor [46].

This regionally divergent innervation from the nasal cavity
to different brain regions offers an opportunity for experimen-
tal flexibility, provided one learns how to selectively exploit it,
in terms of local administration modality, uptake or selective
transport mechanisms.

2.3.4 Perivascular and cerebrospinal fluid pathways
Two additional pathways have been suggested to contribute to
the biodistribution of drugs into the brain, following intrana-
sal delivery, a perivascular and a CSF pathway [15]. The rela-
tive contribution of these additional routes with respect to
the previous ones remains to be ascertained.

The intranasal administration can be a route to deliver
drugs in the systemic circulation. Indeed, the respiratory and
olfactory mucosae are highly vascular and receive blood sup-
ply from branches of the maxillary, ophthalmic and facial
arteries, arising from the carotid artery. As the respiratory
mucosa is much more vascular than the olfactory epithelium,
the respiratory regions of the nasal epithelium represent the
major candidate for supplying drugs to the systemic circula-
tion after intranasal delivery. On the other hand, a selective
administration to the olfactory epithelium versus the respira-
tory epithelium is to be preferred for the selective enrichment
of CNS protein delivery while minimizing the systemic avail-
ability of the delivered protein drug. From the nasal mucosa,
drugs pass into the blood circulation via continuous and fen-
estrated endothelia [47] or by counter-current transfer,
whereby molecules enter the venous blood supply in the nasal
passages, where they are transferred to the carotid arterial
blood feeding the brain [48,49].

Recently, perivascular channels, formed by the outermost
layer of blood vessels and the basement membrane of the
surrounding tissue, have been suggested to contribute to
intranasal drug delivery to the CNS [36] by acting as a lym-
phatic system, whereby substances produced by neurons
would be cleared from the brain by a perivascular bulk flow
transport in these perivascular channels [37,50]. This form of
‘perivascular pump’ mechanism, fuelled by the arterial pulsa-
tions, could contribute to the observed rapid distribution,
throughout the brain, of exogenously applied molecules [51,52].

Substances injected into the CSF, cerebral ventricles or sub-
arachnoid space have been shown to drain outside the olfac-
tory bulb into channels surrounding olfactory nerves which
cross the cribriform plate and reach the nasal lymphatic sys-
tem [15]. For drugs applied intranasally, the same, opposite
route was observed in rats [37,53] and in humans [54]. Thus,
CSF drainage may reduce the efficiency of intranasal delivery.

3. Methodological aspects of intranasal drug
deposition on the olfactory epithelium

From these anatomical considerations, it is clear that method-
ological aspects concerning the drug intranasal delivery to the
brain have a great importance. This is particularly true for
human subjects, where the proportion of the nasal cavity cov-
ered by the olfactory epithelium is much lower than in labo-
ratory animals and its location is difficult to access, being on
the roof of the nasal cavity. Thus, methods for delivery should
be implemented to avoid, in the case of molecules that should
not reach the systemic circulation, the access of drugs to the
respiratory epithelium. Several different aspects and parame-
ters for nasal delivery have been analyzed and improved, being
the subject of continuing research, and include administration
techniques, head position, delivery devices and drop vol-
umes [15]. The optimization of different aspects of the delivery
methods will also depend on the specific substance to be
delivered and the objectives to be achieved, such as, achieving
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a specific trade-off between biodistribution in the CNS versus
the systemic compartment [16].
A detailed discussion of the methodological aspects of the

nasal delivery technology is out of the scope of this review,
and we refer to excellent comprehensive reviews that cover
these aspects in detail [15].
In general, improved drop deposition on the olfactory epi-

thelium will depend on body and head position of the subject
(be it laboratory animal or human) and different nasal deliv-
ery devices (such as sprays, nose droppers, need-less syringes
or cannulae) will target the drug to different regions of the
nasal cavity. Drop volume will also affect targeting precision,
and the number of drops delivered per injection session will,
therefore, depend on liquid adsorption time and the total
dose/injection required.
The required precision of drug deposition has prompted

the development of ad hoc devices, two of which are presently
under clinical evaluation [55,56].

4. How to improve intranasal delivery of
proteins: pharmacological and formulation
considerations

Several factors influence an optimal nasal absorption of pro-
tein therapeutics [15]. By looking into these factors, effects
related to nasal physiology can be dissected from effects linked
to the physicochemical characteristics of each individual pro-
tein drug and the relevant variables can be dealt with to
overcome and solve the limitations [57].
Therefore, the access to CNS after nasal delivery can be

improved by different strategies, from formulations for
increasing solubility at the delivery site, or increasing the per-
meation through and within the nasal epithelium, to strategies
for increasing the targeting and residence time in the olfactory
epithelium and reducing the clearance of the delivered
molecules. In the evaluation of the ways of optimization of
the protein drug delivery, a vast knowledge comes from the
experiments performed on the nasal delivery of small
drugs [58].
While many of the approaches are bound to be drug-

dependent, a few rather general conclusions can be
derived (Figure 2).

4.1 Intrinsic characteristics of protein drugs and

formulations
The degree of ionization, lipophilicity and molecular mass of
an intranasally administered protein affect both its absorption
across the nasal epithelium and its transport into the
CSF [27,34,57]. The pKa of the molecule, the pH of the absorp-
tion site, the solubility and the chemical and physical stability
of a molecule are important factors to be considered [27,57]. In
general, peptides and proteins are more prone to degradation,
in comparison to low molecular-mass pharmaceuticals [27]. To
improve the CNS targeting, formulations have included the
addition of co-solvents or the use of alternate salt forms.

Co-administered peptidase/protease inhibitors or absorption
enhancers (see below) may be useful [27,57]. For each of these
formulation parameters, a good equilibrium between the opti-
mal formulation and the interference with the normal nose
physiology should be considered.

An optimized intranasal delivery of a protein therapeutic to
the CNS through the olfactory epithelium will require over-
coming the natural protective barriers in the nasal mucosa,
such as the nasal mucociliary clearance mechanisms physio-
logically devoted to removing foreign substances. This is par-
ticularly true for these protein drugs, which are soluble into
the mucus: mucociliary clearance rapidly clears inhaled pro-
tein drugs, reducing their contact with nasal epithelium and
thus the delivery to the CNS after intranasal administration.

Various formulations have been described to improve the
bioavailability of intranasally delivered molecules and increase
nasal absorption, by affecting membrane and tight junction
permeability, including bile salts, alkyl glycosides, polymers,
gelatin and chitosan [27,57], tight junction modulating pepti-
des, lipids and surfactants, cyclodextrins and chelators [15,27,57].
The transport along direct pathways to the CNS can be
increased by formulations based on mucoadhesives (sodium
hyaluronate, chitosan, lectins) to reduce clearance and
increase residence time of the delivered formulation [15,57].
Some of these compounds can increase vascular permeability,
which could be problematic for therapeutics with systemic
side effects. Attempts have been made to reduce clearance
into the blood from the site of delivery and increase the local
availability of the therapeutic molecule on the nasal mucosa
by using vasoconstrictor drugs, but contradictory findings
were obtained [15]. Changes in other formulation para-
meters, such as osmolarity or pH, causing cells to expand or
shrink, can enhance transcellular or paracellular transport
mechanisms along olfactory and trigeminal nerves.

Nasal physiology can guide towards the optimization of
experimental strategies and protocols for an increased delivery
of protein therapeutics to the CNS, but all of these formula-
tion substances should, however, be proven to be safe and
non-toxic.

4.2 Encapsulation and coupling technologies
One emerging strategy to improve CNS uptake of peptides
and proteins from the nasal route is to encapsulate or couple
them in liposome carriers or particulate vectors such as
microemulsions or nanoemulsions and nanoparticles [15].

Liposomes are phospholipid vesicles composed by lipid
bilayers enclosing aqueous compartments wherein drugs and
other substances can be included. Liposomal drug delivery
systems have been found to enhance nasal absorption of
peptides such as insulin and calcitonin by increasing their
mucosal membrane penetration [57,59-60]. Recent studies have
demonstrated the validity of the intranasal delivery of cationic
liposomes for brain delivery of proteins [61].

Formulations based on microsphere technology with
mucoadhesive polymers (chitosan, alginate) have been widely
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applied for nasal delivery of proteins, such as insulin [57,62].
Microspheres used for nasal delivery may protect the protein
drug from degradation and sustain prolonged drug release,
as demonstrated by several studies. However, most of the
studies reported the systemic rather than CNS delivery of
protein drugs [57,63]. This approach appears to be promis-
ing also for an optimization of intranasal application of
CNS-targeted protein drugs.

Nanoparticle systems are being investigated for nose-to-
brain drug administration, even if the precise mechanisms of
the enhanced drug transport from the nasal cavity to the
CNS are still unclear [15,57-58]. Nanoparticles (20 -- 200 nm)
are thought to be transported through the transcellular path-
way in the direct nose-to-brain delivery [64]. Despite the
increasing literature in the field demonstrating the efficient
entering of nanoparticles through the nasal epithelium, via
the transcellular mechanism [58,65], little is known about the
precise endocytic pathways involved in nanoparticle absorp-
tion, via this trancellular route. Nanoparticle-mediated
nose-to-brain delivery can be enhanced by several means of
surface modification/engineering, including chitosan, PEG,
lectin [15,58] and a new generation of poly/oligosaccharide
nanoparticles composed of chitosan and cyclodextrins [65].
Nanoparticles coated with ligands preferentially binding
olfactory epithelium (the lectin UEA I), with the respect to
the respiratory epithelium, show an enhanced delivery along
the olfactory pathway [66-68], whereas nanoparticles coated
with the regionally nonspecific lectin WGA enhanced the
delivery to the CNS along multiple pathways, including

vascular [66-68]. An alternative to lectins, which are toxic to
mammalian cells [69] or immungenic, would be to coat
nanoparticles with ORN ‘homing peptides’, such as the
phage-selected ACTTPHAWLCG peptide [70].

Filamentous bacteriophages, engineered to display peptides
or proteins, including antibody fragments, can be considered
living nanoparticles and have been proved to be an efficient
non-toxic delivery vector for the displayed protein to the
brain, when intranasally delivered [71].

5. Different classes of intranasally delivered
therapeutic proteins

We briefly review some of the proteins under investigation for
a therapeutic application in CNS diseases, through the intra-
nasal pathway (Table 1), focusing on neurotrophic factors,
neuropeptides and antibody domains.

5.1 Neurotrophic factors
5.1.1 Nerve growth factor for the treatment of

Alzheimer’s disease
Neurotrophic factors have a huge potential as protein thera-
peutics in the CNS that have been severely limited by prob-
lems with their delivery and systemic side effects. NGF [72]

provides a paradigmatic case. In the CNS, mature basal fore-
brain cholinergic neurons (BFCNs) are dependent on the
availability of NGF for their phenotypic maintenance
and for survival after lesions or CNS insults. Beyond its
neurotrophic actions on BFCNs, NGF displays a direct

Nasal physiology

Physicochemical characteristic
of the drug

Drug formulation

Factors influencing the optimal nasal absorption

Optimization of nasal delivery and absorption

Improving molecule
biochemical stability Novel drug target formulations

Improving molecule solubility Improving membrane
permeability and absorption

Figure 2. Schematic representation of the factors influencing the optimal nasal absorption and the possible strategies to

improve it.
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anti-amyloidogenic and anti-neurodegenerative property [16].
Because BFCNs are the major neuronal population degener-
ating in the brain of AD patients, delivering NGF would pro-
vide an attractive therapeutic option, not only for preventing
BFCN death and preserving cholinergic synapses, but more
generally, to stop and revert AD neurodegeneration, a poten-
tially disease-modifying therapy for AD [16]. However, NGF-
based therapy is hindered by: i) the difficulty in achieving an
adequate concentration in the brain areas containing target
neurons, as NGF does not cross the BBB and ii) the onset
of unwanted systemic side effects such as pain, due to NGF
pro-nociceptive action on sensory neurons [16]. For these rea-
sons, the strong and well-established therapeutic potential of
NGF for human AD is currently being clinically explored
by very invasive approaches involving neurosurgery for local
intraparenchimal NGF delivery [7,73-74]. For an NGF-based
therapy, the goal would be to develop a non-invasive delivery
system capable of targeting NGF to the target brain areas,
limiting systemic leakage and access to peripheral sensory
nerve endings [75]. After the demonstration that NGF

efficiently reaches the CNS through the intranasal route [40],
we demonstrated that the intranasal delivery of NGF to
AD11 anti-NGF mice, a disease relevant AD mouse model,
effectively targets neurodegeneration affected areas in the
brain, at pharmacologically relevant concentrations, improv-
ing and reverting the memory and cognitive deficits and the
neurodegeneration (Figure 3) [25,76]. After intranasal delivery,
NGF does not significantly accumulate in the CSF and in
the blood [77], where it is known to induce pain responses in
humans. Thus, the intranasal delivery route appears to be an
effective compromise to meet the required therapeutic win-
dow for NGF, leading to an effective transport into the brain,
while minimizing its biodistribution to non-targeted districts
where it determines unwanted side effects. The success of
a non-invasive NGF-based therapy for AD will crucially
depend on meeting the mentioned therapeutic window [78]

and, therefore, careful dosing of the therapeutic protein in
body fluids and tissues, against the background of endogenous
NGF, will be crucial [78]. To this aim, a single residue tagged
variant of NGF was developed, together with a specific

Table 1. Intranasal delivery of potential protein therapeutics: a representative list.

Therapeutic protein

intranasally administered

Category Applications in CNS diseases Tested on

Animal models Clinical Trial

NGF Neurotrophic factor Alzheimer’s disease X
BDNF Alzheimer’s disease

Huntington’s disease
X

CNTF Alzheimer’s disease
Huntington’s disease

X

NT4 Traumatic brain injury X

IGF-1 Growth factor Alzheimer’s disease
Stroke

X

TGF-a Parkinson’s disease
Stroke

X

FGF Parkinson’s disease X

VIP Alzheimer’s disease X
NAP (peptide of ADNP) Alzheimer’s disease

Mild cognitive impairment
Schizophrenia
Fronto-temporal dementia

X X

Insulin Alzheimer’s disease X X

IFN-b1b Cytokine MS X

Oxytocin Hormone Cognitive and behavior disorders
Autism
Post-traumatic stress
Sexual dysfunction
Schizophrenia

X X

Erythropoietin Epilepsy
Traumatic brain injury

X

TNF-a inhibitory single-chain
Fv antibody fragment

Antibody fragment Parkinson’s disease
Alzheimer’s disease
MS

X

A representative summary of proteins and peptides tested as potential therapeutics via the intranasal route. Details on the pathologies where these proteins are

involved are indicated.
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immunoassay, in order to carry out precise pharmacokinetic
and pharmacodynamic studies of the intranasally delivered
therapeutic NGF [78]. Increasing the dose that can be safely
delivered intranasally to increase its biodistribution in the
CNS, without determining detrimental side effects, is an
objective that is worthwhile pursuing. Different approaches
can be taken. Zhang et al. [79] chemically conjugated cholera
toxin B subunit to NGF (CB-NGF) to improve its

intraneuronal transport properties after intranasal delivery,
with respect to NGF. The bioactivity of this CB-NGF mole-
cule needs, however, to be better characterized. In another
approach, the CNS bioavailability of NGF was increased [80]

by counteracting the barrier properties of the olfactory epithe-
lium with the permeation enhancer chitosan, a biodegradable
polycationic linear polysaccharide that is bioadhesive and
able to interact strongly with the nasal mucosa [81,82].

ChAT

WT

A. B.

C.

PBS PBS

PBSPBS

PBS PBS

hNGF

hNGF

hNGF

AD11

ptau

Ab

Figure 3. Effects of intranasal delivery of NGF on the neurodegenerative phenotype in AD11 anti-NGF mice. (A) hNGF

(0.48 pmol) was administered intranasally, 3 µl at a time, alternating the nostrils, with a lapse of 2 min between each

administration, for a total of 14 times. The administration was repeated seven times at 2-day intervals. During these

procedures, the nostrils were always kept open. As control, WT and AD11 mice were treated with PBS. (B) hNGF rescued the

object recognition deficit. This rescue of memory deficit correlates well with the amelioration of the neurodegeneration, as

shown in (C). hNGF administration rescues the number of ChAT-positive neurons in the nucleus basalis of Meynert (C, upper

row), decreases the accumulation of phosphorylated t (C, middle row) and the number of b-amyloid deposits (C, bottom row).
hNGF: Human NGF; NGF: Nerve growth factor; PBS: Phosphate-buffered saline; WT: Wild-type.
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NGF-chitosan nanoparticles were shown to increase by
~ 14-fold the CNS bioavailability of NGF [80], with respect
to that of naked NGF.
As a complementary approach to meet the therapeutic win-

dow for NGF, in addition to increasing its biodistribution in
the CNS, while limiting detrimental systemic side effects, one
could engineer NGF variants with reduced pain inducing
activity [83]. Thus, ‘painless’ NGF single residue variants
have been engineered and characterized [83,84] that would
allow higher doses to be safely delivered, without inducing
adverse painful responses. This ‘painless’ NGF has identical
neurotrophic properties than the wild-type form [84]. The
combination of these improved molecules with formulations
that allow increased CNS biodistribution will probably
provide the best candidate for the development of a
non-invasive disease-modifying therapy for AD [16].
In a recent report, intranasal NGF was found to enhance

striatal neurogenesis in adult rats with focal cerebral
ischemia [85].

5.1.2 The intranasal route to deliver NGF to the brain

is more effective than the ocular route
Recently, the topical eye application of NGF was proposed as
an alternative option for non-invasive delivery of NGF to the
brain on the basis of results obtained in a rat model in which
cholinergic deficit was caused by natural aging [86] or by ibo-
tenic acid [87]. The authors show an enhanced expression of
NGF receptors and of ChAT immunoreactivity in rat BFCNs
after ocular delivery of NGF. A side by side comparison of the
ocular and intranasal routes, in the AD11 neurodegeneration
model, showed the latter to be far more effective and specific
than the former in reverting neurodegeneration, and safer in
terms of NGF-related adverse effects [88]. Indeed, after ocular
NGF delivery, no rescue of BFCNs or -related neurodegener-
ation was found, even with a 10-fold higher dose than the
fully effective intranasal NGF dose [88]. Ocular NGF dis-
tributes widely in the systemic compartment and in peri-
pheral tissues [86,88-89], most likely via the naso-lacrimal
ducts, at concentrations well above the threshold for the
adverse nociceptive response to occur [17,90].
We conclude that the intranasal administration provides a

novel, non-invasive, safe and effective route for the delivery
of NGF, which is superior to the ocular route, in terms of
pharmacological effectiveness and brain targeting versus
systemic exposure (Table 2).

5.1.3 Other neurotrophins and growth factors
Other members of the neurotrophins family, besides
NGF, show an increasing therapeutic interest [1] due to the
broad spectrum of their biological actions, including neuro-
protective effects in animal models of neurodegenerative
diseases or after traumatic and ischemic lesions of the
nervous system.
The neurotrophin BDNF has been considered a

candidate therapeutic protein for different neurological

diseases, including HD, ALS, AD and stroke. A major loss
of BDNF protein in the striatum of HD patients and the
well-established functional interaction between mutated
huntingtin protein and BDNF expression show that
BDNF is likely to play a role in the etiology of the
disease [91]. BDNF is, therefore, considered a promising
therapeutic candidate for HD, notwithstanding the potential
liabilities deriving from its potentially pro-epileptogenic
activities [92]. BDNF has also potent neurotrophic survival
actions on motoneurons, both in physiological situations
and in pathology models, which raised hopes that BDNF
could be used for the treatment of neurodegenerative dis-
orders specifically affecting motoneurons, such as ALS [1].
These cogent observations prompted the first BDNF clinical
trials with a large number of ALS patients in the early 1990s,
and because of the difficulty of delivering BDNF to the
brain, the neurotrophin was delivered systemically. The fail-
ure of systemically administered BDNF (and of CNTF, see
below) to reach the motoneurons in sufficient quantities is
considered the reason why those large multi-center trials
with these factors failed [1]. BDNF is produced in the ento-
rhinal cortex, a brain region profoundly and early affected
in AD [93] and undergoes anterograde transport in the
hippocampus, where it regulates synaptic plasticity. More-
over, levels of BDNF and its mRNA are consistently reduced
in AD patients and correlate to pathological changes in
AD brains [94]. For these reasons, BDNF is considered a
therapeutic candidate for AD, although its poor pharmaco-
kinetic profile and poor delivery limit its therapeutic
application. The neuroprotective effects of BDNF in differ-
ent rodent and primate AD models were achieved using the
same invasive approaches of gene delivery as for NGF [95].
A recent proof of concept study demonstrated that
BDNF can be intranasally delivered to the brain, where it
exerts dose-dependent neuroprotective effects, to contrast
neurodegeneration in AD11 anti-NGF mice [96].

Ciliary neurotrophic factor (CNTF) and neurotrophin
NT-4 were also shown to have clinically promising properties.
CNTF effectively rescues learning and memory impairments
in AD and HD models [97,98], and was even tested in human
clinical trials for ALS, with a systemic or an intraventricular
delivery [1]. NT-4 reduces hippocampal neuronal loss after
traumatic brain injury [99]. Both CNTF and NT-4 can be effi-
ciently delivered through the intranasal route in adult rats,
resulting in a substantial concentration of the neurotrophic
factor throughout the brain and cervical spinal cord [98]. The
delivery efficiency was determined by analysis of the induced
downstream signaling in CNS target neurons and was shown
not to depend on the molecular mass of the considered neuro-
trophins [98]. On the basis of these results, a clinical testing of
these neurotrophic factors was suggested for the non-invasive
treatment of patients with traumatic or ischemic CNS injuries
or degenerative situations of a different sort [98].

Delivery of IGF-I to the CNS may be beneficial for the
treatment of AD or stroke [33], potently promoting neuronal
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survival, rescuing hippocampal neurons from Ab-induced
neurotoxicity, reducing t phosphorylation, protecting cortical
neurons against NO-mediated neurotoxicity, rescuing neu-
rons from glucose deprivation and stimulating neurogenesis
and synaptogenesis [33]. Despite the fact that IGF-1, unlike
most other growth factors, can cross the BBB on systemic
administration [100], a brain targeted intranasal delivery of
IGF-I would be useful to increase specifically targeted
IGF-1 dosage. IGF-1 was shown to be successfully delivered
to the brain and spinal cord by intranasal administration [33]

and activate signaling pathways in brain regions expressing
IGF-I receptor [33].

TGF-a is a mitogenic polypetide with pleiotropic
functions, expressed in the developing and adult CNS, which
regulates the proliferation of progenitor cells in the subven-
tricular zone of the adult brain and neuronal differentiation
in vitro. TGF-astimulates neurogenesis and behavioral defi-
cits in neurodegeneration models. TGF-a was investigated
as a therapeutic candidate via the intranasal delivery route [101].
To improve TGF-a stability and the CNS delivery efficacy,
TGF-a was covalently coupled to PEG. Intranasal adminis-
tration of PEG-TGF-a induced a significant cell proliferation
and improvement of behavioral deficits in a chronic stroke
model [101].

The intranasal delivery of fibroblast growth factor (FGF)
family members (acidic and basic FGF; aFGF or FGF-1 and
bFGF or FGF-2, respectively) was explored in an MPTP-
induced mouse model of PD [34]. Although the striatal con-
centrations of dopamine and its metabolites did not return
to pre-lesion levels, this study demonstrated that intranasal
aFGF and bFGF can rescue behavioral and biochemical
deficits in a PD model [34].

Altogether, these animal model studies demonstrate that
the intranasal route can be exploited to target a wide spectrum
of different neurotrophic factors to the brain, in pharmaco-
logically relevant quantities, leading to measurable and
therapeutically relevant end points.

5.1.4 Other protein therapeutics: insulin, cytokines,

neuropeptides
Insulin, the protein hormone involved in glucose metabolism
in muscle, influences several aspects of neuronal physiology,
participating in neuronal maintenance, energy metabolism,
neurogenesis and neurotransmitter regulation and also influ-
encing neuronal firing and synaptic plasticity. AD patients
show insulin-related dysmetabolism and reduced levels of
insulin in CSF and brain; hence, insulin is currently under
investigation for the treatment of AD in clinical trials [102],
Obviously, peripherally administered insulin is not a
viable option due to risks associated with hypoglycemia and
direct targeting of insulin to the human brain, via intra-
nasal delivery, with little peripheral build-up, has been
demonstrated [54].

Type 1 IFNs are cytokine factors with antiviral, antiprolifer-
ative and immunomodulatory actions that have been approved
for clinical treatment of hepatitis (IFN-a), cancer (IFN-a) and
MS (IFN-b). Application of IFN-b in MS may benefit from
a method of administration that targets the CNS yet also allows
a sufficient systemic exposure to elicit peripheral effects. This
would increase patient’s compliance to the treatment with
respect to the current repeated injection scheme. To this aim,
the intranasal delivery of IFN-b in monkeys was explored [44],
demonstrating a significant IFN-b concentration build-up
across many CNS regions and regional lymph nodes. This
result prospects the use of intranasally-delivered IFN-b in MS
as an alternative to systemic injections.

The vasoactive intestinal peptide exerts a potent neuro-
protective action in AD animal models by inducing the secre-
tion of astroglial-derived substances such as the potent
activity-dependent neurotrophic factor, ADNP [103]. ADNP
provides neuroprotection at very low concentrations, but
its size is too large (124 kDa) to cross the BBB. Peptide
activity scanning identified NAP (NAPVSIPQ, molecular
mass = 824.9), an active fragment of ADNP, endowed with
the same neuroprotective properties as the entire protein [104].

Table 2. Comparison between two non-invasive NGF delivery routes, intranasal and ocular.

Phenotype Route and doses of hNGFP61S

Intranasal

(0.48 pmol)

Ocular

(0.48 pmol)

Ocular

(4.8 pmol)

Rescue of vORT deficit Yes Yes Yes
Rescue of cholinergic deficit Yes No No
Decreased t phosphorylation Yes No Yes
Decreased Ab deposition Yes Yes Yes
Leakage in peripheral blood circulation* No Yes Yes

NGF was administered to AD11 mice via the intranasal or ocular routes. In the case of ocular administration, two concentrations of the neurotrophin were tested.

In the case of the ocular administration, even at the 10-fold higher concentration, the rescue of AD11 phenotype was partial when compared to the complete

rescue obtained by intranasal administration. Moreover, when the same rescue level was observed, as for the Object Recognition Test or the Ab end point, the

doses used for the ocular administration were 10 times higher than those for the intranasal administration (from [88]).

*Measured by evaluating the activity on sympathetic ganglia as surrogate markers.

Ab: b-Amyloid; NGF: Nerve growth factor.
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NAP demonstrated neuroprotective activity against Ab pep-
tide toxicity in cell cultures and neurodegeneration animal
models. NAP was successfully delivered through the intranasal
route, providing neuroprotection against loss of cholinergic
functions and memory impairments [103].
Other neuropeptides effectively delivered to the brain by

the nasal route include hypocretin I (orexin A) [45], for narco-
lepsy treatment, glucagon-like peptide-I antagonist exendin
(9 -- 39) [38] and leptin [15].
Erythropoietin (EPO) is a hormone regulating erythro-

poiesis, but recently its potent neuroprotective function has
been demonstrated in neuron loss induced by experimental
epilepsy or traumatic brain injury and cisplatin-induced
neuronal toxicity [98]. A small amount of systemically
administered EPO can cross the BBB, but a more effective
CNS delivery, limiting systemic exposure, would be
advantageous. The intranasal delivery of EPO has been
explored in adult rats, showing the potential of intranasal
EPO as a neuroprotective agent [98].

5.1.5 Oxytocin: a neuropeptide and a hormone for

social binding
Oxytocin (OT), a nonapeptide synthesized by specialized cells
of the hypotalamus, exerts a dual role in mammalians [105],
acting peripherically as a hormone, regulating lactation and
parturition, but acting also centrally as neuropeptide, control-
ling a wide range of social cognitive and emotional func-
tions [106]. The properties of OT have been extensively
studied exploiting intranasal delivery in animals and humans.
Various studies in healthy humans have provided evidence
that OT is implicated in facilitating human bonding, trust
and generosity toward others and decreasing fear and diffi-
dence [105]. Moreover, OT has empathogenic properties,
improving recognition of complex mental states and emo-
tions, and memory for faces [107]. Other studies indicate that
OT facilitates stress regulation, both inhibiting amigdala
activity and buffering cortisol response [108,109].
Due to its chemical characteristics, OT does not cross the

BBB and, administered orally or intravenously, is rapidly
degraded by peptidases in the plasma and gut. Furthermore,
its peripheral administration could interfere with OT role as
a hormone, resulting in undesired side effects, especially in
females at various reproductive phases. Intranasal delivery is
the only reliable current means to obtain demonstrable effects
only in the CNS and exploit the enormous therapeutic poten-
tial of the peptide [54]. For this reason, intranasally delivered
OT has been extensively studied in humans.
OT has shown an important therapeutic potential in treating

mental disorders or psychopathological states in which empa-
thy and human social relationships are affected. The existing
literature on intranasally delivered OT suggests several thera-
peutic areas in which OT could be beneficial: anxiety and stress
disorders (e.g., social phobia, post-traumatic stress disorders,
separation anxiety disorders), psychopathologies with a
prominent social dysfunction (autism, Asperger’s syndrome,

schizophrenia), mood disorders (various forms of depression),
sexual disorders and borderline personality disorders [105,110].

Currently, intranasal administration of OT in clinical pop-
ulations has been reported to improve emotion recognition in
autism or Asperger’s syndrome, and ameliorate symptoms in
schizophrenia, post-traumatic stress disorders and sexual
dysfunction [105,111-114].

5.2 Recombinant antibodies
Antibodies represent the largest class of biologicals (therapeu-
tic recombinant proteins) [2,3,115]. Antibody-based therapies
have shown high efficacy in a variety of diseases and, due to
their high target specificity, are considered safer than small
chemical molecules. Due to delivery difficulties, the over-
whelming majority of current therapeutic antibodies relate
to diseases not affecting the CNS, as autoimmune disorders,
cancer and cardiovascular diseases, even if the number of
targets for CNS antibody-based therapies is greatly increas-
ing and antibody biologicals are expanding into neural
disorders [116].

The high molecular mass of mAbs (~ 150 kDa) prevents
them from efficient penetration across tissue barriers follow-
ing systemic administration. To overcome the problems of
delivery into the brain related to the antibodies size and also
to avoid the inflammatory properties potentially elicited by
the antibody Fc domains, smaller antibody fragments can be
engineered, endowed with the same binding properties as
their whole immunoglobulin counterpart (Figure 4).

Intranasal administration of antibodies or antibody
fragments could be an alternative route for immunothera-
pies, opening the CNS therapeutic arena to large class of
recombinant antibody biologicals.

A TNF-a inhibitory single-chain Fv antibody fragment
(scFv) (ESBA105) was administered intranasally. CNS local
bioavailability of ESBA105 was considerably higher following
repeated intranasal administration, while systemic exposure
was significantly lower, when compared to a bolus intrave-
nous injection. Thus, intranasal administration of ESBA105,
and of recombinant scFv fragments in general, might be an
attractive approach for the treatment of neurological
disorders [117].

Another future major application of intranasal delivery of
antibodies, or antibody fragments, is likely to be represented
by the passive Ab (b-amyloid) immunization strategy, pres-
ently under clinical testing for the treatment of AD [5]. The
Ab peptide, generated following proteolytic cleavage of the
amyloid precursor protein, has become a major therapeutic
target in AD, with various anti-Ab strategies being pursued.
One major approach involves Ab immunotherapy, following
Ab vaccination or passive immunization with anti-Ab
antibodies passively administered by systemic route [5].

Passive Ab immunotherapies are evolving to include
second-generation conformation-specific anti Ab antibodies
or antibody fragments that recognize more toxic, soluble Ab
oligomeric forms [118]. The absence of the Fc portion in small
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antibody fragment could improve the safety of the
immunotherapies, without diminishing their efficacy for
immunotherapy-induced Ab clearance [119,120]. Intranasal
delivery of anti-Ab antibody fragments could represent an
innovative approach for the treatment of AD, avoiding the
need for systemic injections, with improved safety aspects.
Indeed, intranasal delivery of anti-Ab antibody fragments,
by their direct targeting to the brain, could be advantageous
to avoid the onset of an inflammatory response and the gener-
ation of auto antibodies. Intranasally delivered anti-Ab scFv
antibody fragments have been shown to reach the brain and
dissolve Ab plaques in animal models, when displayed on
the surface of filamentous phage vectors [71,121].

6. Intranasal delivery in human clinical trials
for neurodegenerative disorders

Evidence presented above demonstrated the efficacy of intra-
nasal delivery of proteins in animal models. Can intranasal
delivery be efficiently applied to clinical settings? First of all,
the anatomy of rodent nose is quite different from the human
one. The nasal cavity is much larger in humans than in
rodents. The olfactory epithelium is located on the roof of
the nasal cavity and covers a much smaller area. This might
imply difficulties in the methods of delivery of drugs in
human patients due to the position of the olfactory epithe-
lium and the greater dilution of the drug in the nasal cavity.
Second, the volume of CSF and its turnover is quite different
in humans with respect to rats. CSF volume is 1000-fold
higher in humans but its turnover is slower (every 5 h in
humans; every hour in rodents). Because CSF is implicated
in the diffusion of molecules form the nose-to-brain paren-
chyma, this implies the necessity of re-evaluating dosage and
frequency of administration. Despite these issues, numerous
reports have shown that therapeutic proteins delivered to
human subjects by the intranasal route effectively reach the
CNS, without major systemic leakage, and have the potential
to treat neurological disorders. Most of the studies evaluating
nose-to-brain delivery of neuropeptides in humans do not
directly measure their transport into the CNS, but rather
the indirect pharmacological effects on functional end
points [122,123]. Although measuring pharmacodynamic effects
rather than neuropeptide CNS concentration, these studies
provide conclusive evidence that the intranasal administration
of peptides results in fast onset effects on the CNS that are not
observed after intravenous administration [122,123]. Direct evi-
dence of nose-to-brain transport in humans was reported for
the intranasal delivery of insulin, melanocortin and vasopres-
sin, [54] in a placebo-controlled study (that did not include,
however, a comparison to a systemic delivery route). It was
demonstrated that CSF insulin levels significantly increased
after intranasal treatment with no change in blood levels.
The intranasal delivery of melanocortin and vasopressin to
healthy humans further demonstrated a direct nose-to-brain
intranasal route for an efficient delivery of neuropeptides to
the brain, without systemic build-up [54].

Although a group of studies [15] concluded that there was
no evidence for a direct nose to CSF in humans, for the drugs
tested (including vitamin B12, melatonin and estradiol), these
conclusions were questioned based on methodological
criticisms of the measurements performed [15,122].

A number of ongoing or completed clinical trials, based on
intranasal delivery of therapeutic proteins to patients affected
by specific neurological diseases, are briefly described.

6.1 Insulin
In humans, intravenous insulin administration was
observed to determine amelioration in verbal memory; AD
has been considered by some a ‘brain diabetes’ or

Fab
(~ 55 kDa)

scFv
(~ 28 kDa)

IgG

Minibody
(bivalent)
(~ 75 kDa)

Fab2
(bispecific)
(~ 55 kDa)

Bis – scFv
(bispecific)
(~ 55 kDa)

Tetrabody
(tetravalent)
(~ 100 kDa)

Triabody
(trivalent)
(~ 75 kDa)

Diabody
(~ 50 kDa)

Figure 4. Schematic representation of different antibodies

formats. The intact IgG molecule is shown together with a

variety of antibody fragments, including Fab, scFv and

multimeric formats such as minibodies and diabodies. The

most widely used type of therapeutic antibodies presently

utilized is represented by the IgG whole immunoglobulin

format. To overcome the problems connected with the size

of the whole molecule and avoid the inflammatory effect of

Fc portion, small fragments are increasingly being used in

numerous application. scFvs are a format in which the VH

and VL domains are joined with a flexible polypeptide linker

preventing dissociation. Antibody Fab and scFv fragments

usually retain the specific, monovalent, antigen-

binding affinity of the parent IgG, while showing improved

pharmacokinetics for tissue penetration (reviewed in [6]).

Even smaller fragments have been described (single domain

antibodies), constituted by an isolated VH domain. Small

antibody fragments or domains are likely to become the

antibody format of choice for intranasal delivery to the CNS.
Adapted from [6].

scFv: Single-chain variable Fragment.
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‘type 3 diabetes’ [15]. Obviously, peripherally administered
insulin is not a viable treatment option for CNS disorders
due to hypoglycemia risks. It was necessary to find alterna-
tive delivery routes that would not influence the systemic
levels [15]. The first trial of intranasal insulin administration
was developed as an alternative to subcutaneous insulin
injections in diabetic patients. This trial was, however, not
successful, with respect to the planned end points because
insulin did not reach an adequate concentration in blood.
Years later, the intranasal delivery method was proposed
for a direct delivery of insulin to the brain along olfactory
pathways for the treatment of AD and other brain disor-
ders [15]. Indeed, energy metabolism in the CNS is depen-
dent on glucose uptake and is regulated by insulin, while
glucose uptake and utilization are deficient in AD patients,
providing a rationale for delivering insulin to the CNS
without altering blood glucose, as demonstrated in a proof
of concept study in healthy human subjects [54]. Using
intranasal delivery, it was also found that insulin signifi-
cantly improved memory and mood in normal individu-
als [124] without altering blood insulin or glucose levels.
Intranasal administration of Insulin Aspart, an insulin ana-
log more rapidly absorbed was more effective than regular
insulin to improve memory in normal subjects [125].
In memory-impaired old subjects, a single intranasal

insulin treatment determined a significant verbal memory
improvement, an effect seen primarily in patients without
the AD susceptibility ApoE" 4 allele [126]. A 3-week long
placebo-controlled clinical trial with intranasal insulin in either
early stage AD or mild-cognitive impairment showed enhanced
memory and attention compared to placebo subjects, as well as
a dose-dependent modulation of Ab [102,127].
Beyond these promising clinical perspectives, for the

improvement of memory disorders linked to AD, more gener-
ally, these studies provide a proof of concept in humans that
the intranasal administration indeed allows the delivery to
the CNS of a protein therapeutic while limiting its systemic
accumulation and ensuing side effects.

6.2 NAP and oxytocin
In addition to insulin, other neuropeptides administered by
the intranasal route are being clinically evaluated in humans.
The ADNP derived NAP peptide, following results

obtained in animal models, is currently in Phase II clinical tri-
als, being intranasally delivered to patients affected by mild
cognitive impairment, schizophrenia-related cognitive
impairment, AD and frontotemporal dementia [15,104,128].
Intranasally delivered OT has been extensively studied in

healthy and sick human subjects. Central positive effects of
OT in clinical populations have been reported in mental dis-
orders related to psycopathological states in which empathy
and human social relationships are affected. In all, 25 clinical
trials based on intranasal administration of OT are presently
registered on US National Institutes of Health. In these
clinical trials, intranasal OT is administered to treat cognitive

and behavior disorders, including schizophrenia, headache,
autism spectrum disorders, anxiety and post traumatic stress
disorders, addiction, depression and fronto temporal
dementia (http://www.clinicaltrials.gov/).

7. Future perspectives

The direct nose-to-brain route demonstrated to be a general
strategy for the non-invasive delivery of numerous thera-
peutic protein candidates to the CNS of animal models
and offers an exciting opportunity to deliver biologicals to
the human brain for the treatment of neurological and neu-
rodegenerative disorders. Based on what this strategy has
proved so far, several aspects require more research and
development to improve and exploit knowledge about the
mechanisms of protein biodistribution from the nasal cavity
and obtain a more sustained release of the proteins into the
brain. Clearly, the possibility to quantitatively image and
follow the biodistribution of the delivered protein in the
living (animal or) human brain represents a primary objec-
tive. In any event, it can be anticipated that neurotrophic
factors, neuropeptides and small antibody domains will be
the classes of biologicals that will enjoy the most exciting
developments with this delivery route. Moreover, as the
research into the intranasal delivery of protein therapeutics
to the CNS progresses, new experimental avenues can be
conceived to exploit the intranasal route to the brain for
therapeutic and regenerative purposes.

7.1 Towards intranasal gene- and cell-therapy for

neurological diseases
The intranasal delivery of nucleic acids (DNA or RNA) to the
brain would provide a new gene therapy approach. A study
using 7 -- 14 kb DNA expression plasmids encoding for the
b-galactosidase gene showed that brain levels of DNA plas-
mids can reach a threefold higher concentration with intrana-
sal than endovenous delivery. DNA plasmids integrated
mainly in endothelial cells of different brain regions, includ-
ing striatum, septal area and hippocampus [129]. However,
safety issues were not addressed in this study. This first study
opens a promising avenue, and it will be important to study
how naked, or suitably modified, nucleic acids are transported
to the brain via this route and evaluate their biodistribution in
terms of transport as well as cell internalization and reporter
gene expression.

One significant class of nucleic acid molecules of emerg-
ing interest that should be considered for delivery through
this route are small-interfering RNA (siRNA) molecules to
modulate gene expression for functional studies or thera-
peutic purposes. Current pilot approaches to target siRNA
to the brain across the BBB, from the systemic com-
partment, involve complexing siRNA to a short peptide
derived from the rabies virus glycoprotein that binds spe-
cifically to acetylcholine receptors on neuronal cells [130].
Efficient peptide-mediated delivery of siRNA to the brain

Intranasal delivery of therapeutic proteins for neurological diseases
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after intravenous injection relies on protecting the complex
from nuclease and protease degradation en route, which is
performed by complexing or encapsulating siRNA with lip-
osomes [131]. While the direct intranasal administration of
siRNA was initially targeted to cells in the lungs and the
respiratory pathways [132], an effective target gene knock-
down in different brain regions by nasally administered
siRNAs was recently demonstrated in a first preliminary
study [133]. The generality of these findings remains to be
ascertained, but the rewards, if the approach will turn out
successful, will be high.

Several studies have evaluated the intranasal delivery of pro-
teins to the brain using replication-defective adenoviral vec-
tors. Conflicting and controversial data have been obtained
so far. In early studies, the use of the replication incompetent
adenovirus to delivery b-galactosidase to the rodent brain
showed a biodistribution confined to mouse olfactory nerve
axons, as well as their terminal glomeruli, in the olfactory
bulbs [134,135] with a persistence of the expression that varied
from 8 to 21 days. Subsequent studies showed that the expres-
sion can be prolonged until 90 days after injection [136]. Only
one study reported the expression in brain regions different
than the olfactory bulbs [137].

An alternative to adenovirus-based vectors is represented by
vectors based on viruses with a natural tropism for neu-
rons [138]. Herpes simplex virus was the more studied, even
if safety concerns remain [139,140]. A growth defective herpes
simplex virus type 2 mutant RR vector was engineered which,
when delivered intranasally to mice and rats, did not induce
epileptic seizures nor neuronal loss, providing a first evidence
of the feasibility of this approach [141].

A more recent, potentially promising, approach is repre-
sented by the intranasal delivery of stem cells to repair dam-
aged tissues in the brain. Most of the few studies performed
so far addressed the access and distribution of cells after
intranasal delivery.

In one study [142], fluorescently labeled rat mesenchymal
stem cells or human glioma cells were intranasally adminis-
tered to naive mice and rats and the transnasal delivery
of cells to the brain was followed. After cells crossed the
cribriform plate, two migration routes were identified:
i) migration into the olfactory bulb and to other parts of
the brain and ii) entry into the CSF with movement along
the surface of the cortex followed by entrance into the
brain parenchyma.

While brain repair paradigms based on nasally delivered
stem cells may still be in its infancy, a more feasible and
sustainable approach in the near future would be represented
by the use of stem cells to deliver therapeutic proteins, not
necessarily requiring transport or integration of the donor
cell in the nervous tissue. Towards this objective, our group
explored the capacity of mesoangioblasts (MABs), engi-
neered to secrete neurotrophins NGF and BDNF, to localize
selectively in brain lesion areas, when intranasally or
peripherally administered. MABs can be isolated from the

perivascular human adult tissue and, having a high
adhesion-dependent migratory capacity, can reach peri-
vascular targets, particularly in damaged areas [143]. After
both peripheral and intranasal administration in vivo,
GFP-positive MABs selectively reached the lesioned brain
areas in a mouse model of AD [144].

8. Expert opinion

The effective treatment of neurological and neurodegener-
ative disorders is a severe unmet medical need. New dis-
ease modifying therapies may come from the promising
class of the so-called biologicals (recombinant therapeutic
proteins), provided the limitations of their effective deliv-
ery to the brain, across the BBB, are solved. Among the
wide range of candidate biologicals for the treatment of
CNS diseases, neurotrophic factors and recombinant anti-
bodies hold, as protein classes, the greatest promises. The
nasal cavity, through the olfactory epithelium and the crib-
riform plate, represents a natural port of entry to the
brain. A large body of research has now provided evidence,
in animal models and in humans, that the intranasal route
constitutes a safe, non-invasive and effective strategy to
deliver peptides and proteins to the brain, reducing sys-
temic exposure and thus unwanted side effects. The intra-
nasal delivery was proven to be more effective than other
non-invasive methods, such as ocular delivery. Already at
the present stage, the intranasal route greatly expands the
range of biologicals that could be clinically tested as poten-
tial treatments for human neurological diseases (including
the neurotrophins NGF and BDNF, as well as antibody
domains for passive immunization approaches). However,
despite the increasing knowledge that has been collected
since the introduction of this method of delivery, further
studies are required to achieve a better and more detailed
understanding of pharmacokinetic and of the mechanisms
of drug delivery, to optimize formulations and fully exploit
the nose-to-brain interface to deliver proteins for the treat-
ment of human neurological and psychiatric diseases.
Research in this area will aim at improving the delivery
effectiveness (increasing the percentage of the applied pro-
tein drug to reach the brain) and the delivery selectivity
(brain vs systemic exposure), also exploiting coated nano-
particle formulations. A further refinement of the delivery
selectivity, in terms of targeting to selected brain regions,
will depend on our ability to exploit different neural
pathways (trigeminal vs olfactory) or distinct transport
modalities (intraneuronal vs paracellular pathways). These
improvements will require carefully controlled, quantitative
pharmacokinetic and pharmacodynamic studies to obtain
conclusive and general results. The possibility of non-
invasively imaging the therapeutic proteins, at first in
animal models, as they are transported and biodistributed
within the brain, would provide a breakthrough goal.
Besides protein delivery, the nasal route is being explored
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for the delivery of nucleic acids (DNA or small-interfering
RNAs) to the brain. In any event, the development of
viral- or cell-based intranasal delivery systems, exploiting
the nose-to-brain interface, is likely to represent a research
area that will produce exciting results in the near future
towards new therapeutical approaches for the CNS.
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