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@ PERSPECTIVE

Antibody-based neuronal and axonal
delivery vectors for targeted ligand
delivery

Targeted ligand delivery (TLD) or selective delivery of cargo
to peripheral axonal and neuronal compartments is a useful
strategy for several unmet clinical and preclinical needs rele-
vant to the health and diseases of peripheral nervous system
(PNS). Potentially, PNS organization and architecture can be
exploited to achieve TLD. As a tissue peripheral nerves are
widely distributed and interact directly with almost all other
tissues of the mammalian body. Peripheral neurons are high-
ly polarized cells with long axonal processes and structural
specializations along their length and termini. The neuronal
projections are organized into discrete bundles of peripheral
nerves that hugely vary in their size and fiber type consti-
tution (sensory, motor, and autonomic) and wire the entire
body along different planes and depths along their paths. The
polarized nature of peripheral neuronal and axonal compart-
ments provide an opportunity to access these compartments
at the axonal termini of peripheral neurons, which are typi-
cally not segregated by blood-tissue (neural) barriers and rel-
atively accessible to circulating materials. Materials entering
axonal termini can be distributed throughout the respective
axonal and neuronal compartment by retrograde transport
systems that are integral to neurons.

Peripheral nerves are prone to injury and disease because
of their unique structure, widespread distribution, varied size,
high surface to volume ratios and metabolic demands, and
interactions with internal and external environments. The pe-
ripheral neuropathies, disorders of peripheral nerves, are com-
mon, associated with enormous morbidity and costs, and have
an estimated prevalence of 8% in persons 55 years and older
and 2.4% in general population. The economic burden of
peripheral neuropathy is increasing as the US and developed
world’s population ages, making the prevention and treatment
of peripheral neuropathies an important public health issue.
Peripheral neuropathies are heterogeneous in etiology, varied
in severity, and have diverse yet limited repertoire of patholog-
ic alterations. Notably, the location and extent of axonal and/
or neuronal injury is the single most important determinant of
severity and recovery in all peripheral nerve disorders includ-
ing diseases that primarily afflict Schwann cells and/or myelin.
An important issue in this context is that with current clinical
and laboratory measures it is very difficult to assess the loca-
tion and extent of axonal injury or repair in nerve trunks once
the targets are completely denervated, as these measures are
entirely dependent on target innervation. Moreover, a vast ma-
jority of neuropathic disorders do not have specific treatments,
thus, prevention or protection from injurious factors is pref-
erable, whenever feasible. Ligand based direct and/or indirect
visualization of nerve bundles can address some of these issues
related to assessment of injured nerves and prevention of inju-
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ries commonly associated with all types of surgical procedures.
Further, despite our extensive understanding of neurobiology
of neurotrophic factors, the translation of this knowledge in
preventing neuronal degeneration and enhancing neural re-
pair has been particularly slow. A major reason for this is lack
of reliable methodologies allowing TLD (selective delivery) of
these molecules to specific neuronal and axonal compartments
in PNS.

Broadly, selective neuronal and axonal delivery vectors (NA-
DVs) could be used for specific TLD to visualize peripheral
axonal and neuronal compartments as a preventive and/or di-
agnostic strategy and modulate their function as a therapeutic
approach to address some of the unmet needs discussed in the
preceding section. In our initial proof of concept study (Mas-
saad et al., 2015) we have used an anti-ganglioside monoclonal
antibody (mAb) as NADV for cargo delivery to peripheral
neuronal and axonal compartments. We hypothesized that an-
ti-ganglioside antibodies can bind cell surface gangliosides and
be internalized by axonal membranes analogous to several bac-
terial toxins (cholera, tetanus, and botulinum). Gangliosides,
sialic acid-containing glycans, are the predominant sialoglyco
conjugates in the mammalian PNS. GM1, GD1a, GD1b, and
GT1b are the most abundant gangliosides in the neuronal and
axonal compartments of mammalian nerves (Yu and Saito,
1989). These moieties localize in the outer leaflet of plasma
membranes. The head-groups of gangliosides on cell surface
are accessible to lectins in vicinity including bacterial toxins
and antibodies. Gangliosides are known to constantly cycle to
and from the plasma membrane by endosomal sorting, and
specific bacterial toxins are known to use specific gangliosides
and their recycling apparatus to internalize and in some cases
be retrogradely transported in neurons. However, evidence
suggests that endocytic cargoes used by different toxins may be
different. With respect to tetanus (TT) and botulinum (BoT)
neurotoxins, they both bind and are internalized at the neuro-
muscular junctions (NM]J). Whereas most serotypes of BoT are
locally retained at NMJ where they act by inhibiting the release
of acetylcholine, TT is sorted via the retrograde transport to
the neuronal cell body in the spinal cord where it then traffics
trans-synaptically to exert its toxic action on inhibitory spinal
interneurons. The axonal retrograde transport mechanisms
are similar for all exogenous materials destined to reach spinal
neurons, differences reside in the type of retrograde motor
used. TT heavy chain has highest affinity for complex gangli-
oside GT1b for binding and internalization. Although tetanus
toxin labeling of the nervous system from the blood stream
has been demonstrated (Fishman and Carrigan, 1988), its fur-
ther development as an in vivo label for live nerve imaging or
delivery vector has not been pursued because of preexisting
and widespread induced immunity against this toxin fragment
(Ramakrishnan et al., 2015). Moreover, TT carriers are not
acidified during retrograde transport, indicating that the toxin
escapes lysosomal targeting and thus add to the protein load
of host cells and TT can spread beyond spinal motor neurons
by transsynaptic spread that potentially limits targeting of
peripheral motor or spinal neurons. We postulated that anti-
bodies may not have some of these limitations and they may
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be appropriate tools because of extensive clinical experience in
their use as therapeutic and diagnostic tools.

In our feasibility study (Massaad et al., 2015), we used an
anti-GT1b mAb, for axonal and neuronal labeling in live mice
because of its ganglioside specificity of GT1b, which is similar
to that of heavy chain of TT. We have previously reported that
this anti-GT1b mAb has widespread PNS axonal and neuronal
binding by immunocytochemistry (Gong et al., 2002). We ex-
amined this mAb as NADV for delivery of fluorescent cargo to
visualize nerves in animal studies, with implications for surgical
imaging and monitoring nerve integrity and repair. This is rele-
vant as iatrogenic transection or injury of nerves during surgi-
cal procedures can produce substantial and sometimes irrevers-
ible chronic patient morbidity that include sensory (numbness,
chronic pain), motor (muscle weakness, cramping), and/or
autonomic dysfunction (sphincteric and sexual dysfunction, il-
eus). Nerves of small caliber and terminal nerve branches with-
out distinct epineurium and perineurium that terminate in vis-
cera and organs are particularly difficult to visualize and more
vulnerable during surgery. Large nerve trunks are usually iden-
tified by their anatomical relationships and nerve stimulation
is used occasionally to monitor motor nerves especially when
surgical procedures risk large nerve trunks. These measures do
not prevent injury to small caliber nerves or to small terminal
nerves innervating viscera and organs such as in the abdomen
and pelvis including prostate. Developing technologies like
optical coherence tomography or laser confocal microscopy
have specific applications mostly restricted to superficial nerves.
Tracing dyes or reagents used for retrograde and anterograde la-
beling in animals have several limitations and are not useful for
diffuse labeling of nerves with systemic administration. Recent-
ly, feasibility of using fluorescently labeled peptides has been
shown to live label the small peripheral nerve bundles invested
by epineurium and perineurium after systemic administration
(Whitney et al., 2011). These peptides do not bind neuronal or
neuroglial (Schwann cells) elements and, therefore, unlikely to
label terminal nerve twigs innervating targets such as viscera
that lack distinct epineurium, perineurium and endoneurium.
Since these peptides do not bind neuronal and axonal elements
of peripheral nerves, thus, they are not suitable to monitor ax-
onal integrity, degeneration, and regeneration, features that are
of critical importance to assess health and disease of the nerves.
These issues are also relevant to the surgical management of
peripheral nerve injuries in continuity (reviewed in (Sheikh,
2010)).

Our study used an antibody as NADV for TLD of fluores-
cent cargo (mAb-dylight 550 conjugate) for tracing and sur-
gical imaging. Dose-determining studies showed that a single
nanomolar (~3-5 nmol) systemic injection of the mAb was
sufficient for tracing and live imaging. Overall, there was wide-
spread labelling of somatic sensory and motor nerve fibers and
neurons. Both small and large sensory axons and neurons were
labelled. In fact, live monitoring of corneal innervation was
used prior to more invasive surgical imaging. Visualization of
all major peripheral nerves, their small branches, and motor
innervation of thin strap muscles such as intercostals was fea-
sible. Neuronal soma and nerve termini had more pronounced

labeling than large peripheral trunks. For example, surgical
imaging visualized the entire extent of sciatic nerve and its ter-
minal branches even at 24 hours after mAb administration. We
postulate this finding reflects simultaneous exposure, uptake,
and retrograde transport of antibody by short and long termi-
nal branches. Tracing and histological studies showed labeling
of the entire extent of sciatic nerve, its terminal branches, and
parent neurons in the spinal cord and DRGs. Tracing and live
macroscopic imaging were concordant (Figure 1). Pharmaco-
kinetic studies showed that for surgical imaging useful con-
trast developed 24 hours after injection, peaked on days 3-6
post-injection, started to decline on post-injection day 10 and
later time points. Tracing and live imaging showed widespread
labeling of autonomic nerve fibers in the abdominal and
pelvic viscera. There was very strong labeling of the hollow
viscera like the stomach and small and large intestines, and
the urinary bladder. Labeling of the small visceral bundles was
more intense than larger somatic nerve trunks. The urinary
bladder had the most intense signal amongst abdominal and
pelvic viscera and neural network on prostate surface could
also be visualized. Sciatic nerve crush studies were used to de-
termine whether this mAb can detect axon degeneration and
regeneration in nerve stumps distal to injury and found that
live imaging can detect axon degeneration and regeneration in
large nerve trunks. The subcellular distribution of these anti-
bodies was determined and it appears that the majority of the
intraneuronal and intraaxonal mAbco-localized with early and
late endosomes.

Negative controls consisted of non-specific IgG administra-
tion to wild-type mice and anti-ganglioside mAb injections to
transgenic mice lacking complex gangliosides, both of which
showed no antibody uptake and fluorescent signal. Validation
studies demonstrated that in vivo biodistribution of GT1b mAb
radiolabeled with ¥Zr was concordant with tracing and live
imaging studies. Confirmation of neuronal andaxonal labeling
by GT1b mAb was validated in the transgenic Thyl-YFP mice,
in which yellow fluorescence protein is exclusively expressed in
somatic neurons and axons.

Can these antibodies be used for delivery of other cargos and
applications? Delivery of MRI contrast agents to neurons and
axons in organs and in intact and injured nerves can be non-
invasively imaged with MRI and may address several clinical
needs (Sheikh, 2010). In this context, we have chemically con-
jugated GT1b mAb to gadolinium DTPA. Gadolinium and its
conjugates shorten T1-relaxation time and give hyperintense
signal enhancement on T1-weighted scans. Phantom scans
were performed on GT1b-Gadolinium conjugates to confirm
shortening of T1-relaxation time (Zhang and Sheikh, unpub-
lished observations) and we plan to use this reagent in future
MRI studies to image animal nerves. Besides imaging, selective
delivery of bioactive molecules (cargo) to neuronal andaxonal
compartments can be used for modulation of their functions.
In this context, these antibodies could be used for delivery of
specific bioactive molecules including enzymes, proteins, pep-
tides, and small molecules that can enhance neuronal regener-
ation in cell culture studies but have failed to show comparable
benefit in animal studies likely due to inefficient delivery to
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Figure 1 Live imaging and tracing of dorsal root ganglia (DRG) with GT1b mAb.

Brightfield (A) and fluorescent (B) macroscopic surgical images of whole spinal cord showing fluorescent signal from DRG lying adjacent to the
spinal cord (arrows). Individual neuronal profiles can be appreciated in DRG with surgical macroscopic imaging (C) and confirmed with histology/
tracing (D).

target neuronal/axonal compartments. Antibody-based NAD-
Vs could allow more efficient TLD of such molecules thereby
improving target cell (neuronal) bioavailability and limiting
off-target deleterious effects (nonneuronal tissues and cells).
Since our studies show that anti-ganglioside mAb localizes
to lysosomal compartment, enzyme replacement therapy is
another potential application of this approach in neuronal ly-
sosomal storage disorders like Tay-Sachs and Sandhoff, which
can have anterior horn cell phenotype.

What has to happen for this preclinical study to be trans-
lated? Anti-ganglioside antibodies can induce immune nerve
injury and previous experimental work, including our own,
indicates that this antibody-mediated nerve injury exclusive-
ly depends on interactions of Fc portion of IgGs with innate
immune effectors, i.e., complement and Fc gamma receptors
(FcyRs) (Halstead et al., 2008; Zhang et al., 2014). It is import-
ant to emphasize that endoneurial inflammatory milieu is nec-
essary for anti-ganglioside antibody-induced neuropathy in
experimental models and these antibodies have no neuropath-
ic effects on intact nerves (Zhang et al., 2014). Silencing the Fc
portion with antibody-engineering can provide antibodies that
do not interact with complement and FcyRs, thus precluding
this potential risk. The pharmacodynamics and pharmaco-
kinetics of anti-GT1b mAb requires a latent interval of few
days for maximal in vivo labeling of the nerves. To address this
issue, antibody fragments can be engineered that retain their
ganglioside specificity but have improved pharmacodynamics
(antigen affinity and internalization) and pharmacokinetics
allowing short interval between antibody administration and
nerve labeling and visualization. Such engineered reagents with
enhanced pharmacodynamics and pharmacokinetics can then
be humanized. Further, we have some anti-ganglioside mAbs
in our repository that have selective binding to small and large
sensory and motor neuronal and axonal compartments (Gong
et al., 2002) and additional reagents can be developed for au-
tonomic neurons and axons for selective targeting of different
neuronal populations.
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