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Nerve growth factor improves visual loss in
childhood optic gliomas: a randomized,
double-blind, phase Il clinical trial

Benedetto Falsini,I Antonio Chiaretti,2 Daniela Rizzo,2 Marco Piccardi,I Antonio Ruggiero,2
Luigi Manni,> Marzia Soligo,3 Anna Dickmann,' Matteo Federici,' Annabella Salerni,’
Laura TimeIIi,4 Gaspare Guglielmi,5 llaria Lazzareschi,2 Massimo Caldarelli,6

Lucia Galli-Resta,’ Cesare Colosimo® and Riccardo Riccardi?

Paediatric optic pathway gliomas are low-grade brain tumours characterized by slow progression and invalidating visual loss.
Presently there is no strategy to prevent visual loss in this kind of tumour. This study evaluated the effects of nerve growth factor
administration in protecting visual function in patients with optic pathway glioma-related visual impairment. A prospective
randomized double-blind phase II clinical trial was conducted in 18 optic pathway glioma patients, aged from 2 to 23 years,
with stable disease and severe visual loss. Ten patients were randomly assigned to receive a single 10-day course of 0.5 mg murine
nerve growth factor as eye drops, while eight patients received placebo. All patients were evaluated before and after treatment,
testing visual acuity, visual field, visual-evoked potentials, optic coherence tomography, electroretinographic photopic negative
response, and magnetic resonance imaging. Post-treatment evaluations were repeated at 15, 30, 90, and 180 days Brain magnetic
resonance imaging was performed at baseline and at 180 days. Treatment with nerve growth factor led to statistically significant
improvements in objective electrophysiological parameters (electroretinographic photopic negative response amplitude at 180 days
and visual-evoked potentials at 30 days), which were not observed in placebo-treated patients. Furthermore, in patients in whom
visual fields could still be measured, visual field worsening was only observed in placebo-treated cases, while three of four nerve
growth factor-treated subjects showed significant visual field enlargement. This corresponded to improved visually guided behav-
iour, as reported by the patients and/or the caregivers. There was no evidence of side effects related to nerve growth factor
treatment. Nerve growth factor eye drop administration appears a safe, easy and effective strategy for the treatment of visual loss
associated with optic pathway gliomas.
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Introduction

Paediatric optic pathway gliomas (OPG) are usually low-
grade brain tumours with a slow progression (Binning
et al., 2007). Their major cause of morbidity is the pro-
gressive visual loss associated with infiltration and com-
pression of the optic pathways by tumour cells. Retinal
ganglion cells (RGCs) are thought to be a major target of
disease-induced visual damage in OPG (Hegedus et al.,
2009; Kim et al., 2010; Gu et al., 2014). The retinal
nerve fibre layer (RNFL), the most proximal region of the
afferent visual pathway comprised by RGC axons, has been
considered a structural marker of visual integrity in patients
with OPG (Gu et al., 2014). Reduced RNFL thickness due
to RGC axonal loss has actually been associated with clin-
ically evident visual loss in children with OPGs.

At present, no specific therapy is available for OPG-
induced visual impairment (Kalin-Hajdu et al., 2014).
Nerve growth factor (NGF) was the first discovered neuro-
trophin. Originally known for its role in the development
and survival of sympathetic neurons, NGF has proved
effective in promoting neural recovery after inflammatory,
ischaemic, and toxic injuries in a large number of experi-
mental and clinical models (Verge et al., 1992; Chiaretti
et al., 2008).

In the optic pathways, NGF receptors are found in
RGCs, whose axons form the first part of the optic path-
ways (Carmignoto et al., 1991; Caleo et al., 2000), as well
as in the visual cortex (Rossi et al., 2002; Tropea et al.,
2002). In both regions, NGF administration can ameliorate
visual function, as shown by preclinical studies. Intraocular
NGF administration has been shown to delay or prevent
RGC loss and the concomitant visual loss induced by optic
nerve transection and ocular ischaemia in experimental
animal models (Carmignoto et al., 1991; Porciatti and
Ventura, 2012). When directly applied in the visual
cortex, NGF can boost glutamate release and improve
visual responses to impoverished visual inputs (Sala et al.,
1998; Pizzorusso et al., 1999).

Testing the effectiveness of NGF in human visual pathol-
ogies has been hindered by the search for non-invasive ad-
ministration strategies to bypass the blood-retina barrier.
At present NGF administration, in the form of eye drops,
appears a promising way to circumvent this difficulty.
Recent experimental animal studies showed that NGF
applied on the conjunctiva can reach the retina and the
optic pathway (Lambiase et al., 2005), as well as the cere-
bral cortex (Capsoni et al., 2009), exerting biological activ-
ities in these regions. Clinical studies have also shown the
safety and effectiveness of NGF eye drops in patients with

corneal ulcers (Lambiase et al., 2007), as well as in patients
with severe glaucoma (Lambiase et al., 2010).

In a previous pilot open-label, longitudinal study invol-
ving five paediatric patients suffering from severe visual
impairment associated with OPG, no adverse effect was
found on tumour growth, but rather a promising transient
increment in visual-evoked potential (VEP) amplitude in all
treated patients (Falsini er al., 2011). Furthermore, in an
adult patient with a bilateral pre-chiasmatic OPG, a dra-
matic improvement in visual acuity and visual field was
observed following repeated short-term courses of NGF
eye drop treatment (Chiaretti et al., 2011). As promising
as these results have been, the possibility of a placebo effect
and examiner bias was inherent in this kind of open-label
pilot study, as was the risk of other potential sources of
bias, such as improvement due to repeat testing and inter-
session variability.

For these reasons, the present randomized, double-blind,
placebo controlled clinical study was designed to evaluate
the efficacy of NGF eye-drop administration in protecting
visual function in patients with OPG-associated visual loss.

Materials and methods

Eligibility

Patients with OPG-induced visual impairment, with or without
neurofibromatosis type 1 (NF1), admitted to the Division of
Paediatric Oncology at the ‘Agostino Gemelli® Hospital in
Rome (Italy) were enrolled from September 2012 to
September 2013 (Table 1). A histopathological diagnosis was
not required in the setting of characteristic MRI and clinical
features. Additional eligibility criteria included: age <235 years;
clinically documented visual impairment; no concomitant oph-
thalmological disorders that could affect electrophysiological
assessment; no radiotherapy or chemotherapy within 12
months prior to entry; stable disease at two brain MRI con-
trols, performed at least 6 months apart. The study was con-
ducted in accordance with Good Clinical Practice, the
Declaration of Helsinki and local regulations. Written
informed consent was signed by patients >18 years and by
parents or their legal guardians for patients younger than 18
years. Evidence of assent was obtained from the children. The
protocol was approved by the Ethics Committee of the Sacred
Heart Catholic University in Rome (Italy). This is a registered
clinical trial (EudraCT n. 2011-003030-14).

Study design

A two-arm, placebo-controlled, randomized clinical trial
was performed. Patients were randomly (1:1) assigned, in a
double-blind manner (both clinicians and patients blind to
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Table | Demographic and clinical data of enrolled
patients

Gender

Male (n) Il
Female (n) 7

NFI1, n (%) 13 (72.2)
Age at enrolment

Median (years) 1.4
Range (years) 2-23
Time from diagnosis to study entry

Median (years) 7.5
Range (years) 1.7-19.6
Time from last treatment to study entry

Median (years) 4.59
Range (years) 0.3-13.3
Type of treatment

Biopsy, n (%) 8 (44.4)
Chemotherapy, n (%) 14 (77.7)
Radiotherapy, n (%) I (5.5)

the treatment), to receive NGF or placebo, i.e. an identical
solution not containing NGF. A total of 0.5 mg NGF diluted
in 2.5 ml saline solution was administered to the conjunctiva of
both eyes three times a day, for 10 consecutive days. In each
treatment we administered one drop of the diluted solution per
eye [1 drop =41.6ul containing 8.33 pg of NGF (0.05 mg of
NGF/daily)]. This amount is considered sufficient to reach and
stimulate NGF receptors, mainly tyrosine receptor kinase A
(TrkA), in most cerebral cholinergic areas of the brain and
optic pathways, as previously reported (Eriksdotter Jonhagen
et al., 1998; Chiaretti et al. 2008). The placebo was adminis-
tered according to the same schedule. At baseline, treated and
placebo cohorts consisted of 10 and eight patients, respect-
ively. After drop-outs for lack of compliance, they comprised
nine and eight patients, respectively.

Safety assessment

Patients were assessed by medical history and physical exam-
ination at baseline, and 15, 30, 90 and 180 days post-
treatment (Supplementary Table 1). The safety analysis was
based on the evaluation of adverse events, symptoms related
to study medication instillation (i.e. burning/stinging/itching,
stickiness, foreign body sensation and blurred vision), ocular
signs at slit lamp examination, and treatment tolerability as
judged by the investigator and patient or parent/guardian. For
preverbal children, unusual discomfort upon instillation was
assessed by parent/guardian. In all patients, if an exacerbated
reaction was noted by the parent/guardian upon instillation of
the study medication to the child, the symptoms of burning/
stinging, stickiness, foreign body sensation and blurred vision
were recorded. Moreover, potential systemic complications
related to NGF administration were monitored, including sys-
temic pain, weight loss, and allergic reactions. MRI (brain
and orbits) were performed at baseline and 180 days after
NGF treatment, using standard imaging parameters and gado-
linium enhancement. Initial and follow-up scans were re-
viewed by a neuroradiologist to evaluate tumour extent and
location, and record any changes after treatment. Progression
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of the OPG mass, as reflected by a volumetric increase of
>25% from baseline in brain MRI, was regarded as a po-
tential adverse outcome event. Unacceptable toxicity or dis-
ease progression led to discontinuation of the study
medication.

Neuroradiological assessment

Optic gliomas (namely pilocytic astrocytomas) represent a het-
erogeneous group of tumours because their extent and their
magnetic resonance signal intensity are extremely variable.
This kind of tumour may be limited to one or two intra-orbital
optic nerves, may localize mainly to the chiasm, may form a
giant hypothalamic mass, or may involve diffusely all optic
pathways, from the optic nerves to the occipital cortex. The
signal intensity and degree of contrast enhancement of optic
gliomas are heterogeneous, and signal changes may occur
spontaneously, even without any treatment. An expert neuror-
adiologist assessed pre- and post-treatment MRIs of all 18
OPG patients in the study, to recognize changes in size and
signal behaviour in the tumour tissue. Moreover, in patients
examined in our neuroradiological facilities (12/18), we
obtained a more reliable and reproducible measurement of
these tumours, before and after NGF treatment; thus we
decided to select the T,-weighted and post-contrast
T,-weighted axial slices, where the tumour is largest, and mea-
sured the largest diameters and the perpendicular ones. In
tumours limited to one optic nerve, we measured the longest
axis of the involved nerve and the transverse diameter. In tu-
mours centred in the optic chiasm, we measured the perpen-
dicular diameters. In tumours with prevalent hypothalamic
growth, we measured the largest diameters of the bulk mass
and the perpendicular one. The measures were obtained using
both T, and post-contrast Ti-weighted axial slices in order to
avoid over- or under-estimation of the heterogeneous enhan-
cing tumours.

Visual outcome measures

All patients were tested at baseline and at 15, 30, 90 and 180
days post-treatment. Visual function tests included physio-
logical subjective and electrophysiological objective measures.
The former comprised the early treatment diabetic retinopathy
study (ETDRS), visual acuity test, and Goldman visual field
perimetry. The latter included Ganzfeld electroretinograms
and flicker-induced VEPs. In addition, retina monitoring by
optical coherence tomography was performed at each time
point.

The following main outcome variables were considered: (i)
best corrected EDTRS visual acuity (BCVA); (ii) Goldman per-
imeter visual field size (V/4e isopter); (iii) amplitude and
latency of the electroretinographic photopic negative response
(PhNR)—a valuable tool for monitoring longitudinal change in
RGC function in humans (Abed et al., 2015); (iv) amplitude
and latency of the first and second harmonic components of
the flicker VEP recording—a tool for monitoring visual cortical
function, which has proved reliable in monitoring OPG pro-
gression (Falsini ef al., 2008); and (v) the thickness of RNFL
obtained from optical coherence tomography screening, a
measure whose alteration has been shown to correlate with
visual loss in a cross-sectional study of OPG in children
(Avery et al., 2011). All parameters were evaluated in terms
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of their changes from baseline. Given the very low vision con-
ditions of some patients, visual acuities and visual fields were
expected to be less reliable than electrophysiological evalu-
ations (see below). Consequently, in designing the study,
it was decided that physiological measures of visual func-
tion would be included as secondary outcome measures,
while electrophysiological (VEP and electroretinogram) and
anatomical (optical coherence tomography RNFL) measures
were the main outcomes in the evaluation of potential drug
efficacy.

Sample size considerations and
statistical analysis

Preliminary evaluations suggested that ~30 patients aged <25
years, with OPG, would be followed by the clinical centre.
Based on a previous pilot study in five OPG patients (Falsini
et al., 2011), this number was estimated to give a power of
80% at an alpha = 0.05 for detecting an average change dif-
ference between the NGF and placebo of at least 30% in VEP
amplitude. Clinical and electrophysiological data were initially
log-transformed to limit skewness. However, the statistical
analysis produced similar results when using the original
scale. Ordinal variables (i.e. presence of adverse events such
as periocular pain, changes in pupillary responses, changes in
visual field extension) were analysed by non-parametric tests.
In the preliminary analyses, multilevel regression techniques
were applied to take into account the potential correlation
between the eyes of each subject. However, visual measures
between the two eyes of each patient were substantially uncor-
related (data not shown), as one would expect from the asym-
metry of OPG. Thus, each eye measure was considered
independently. Visual acuity, visual field size, PhNR and
VEP amplitude were initially evaluated separately by multilevel
regression models for repeated measures, where group
(NGF-treated versus placebo-treated patients) was the
between-subjects factor and time (i.e. the different recording
sessions including baseline and post-treatment visits) the
within-subjects factor. Analyses were performed using raw
data and changes from baseline. Finally a seemingly unrelated
equation regression (Sureg) model was performed where
changes from baseline at each time of all the six electrophysio-
logical experimental outcomes (i.e. amplitude and latency of
PhNR, VEP first and second harmonic, RNFL, and optical
coherence tomography measures) were included as dependent
variables, and the independent variables were the arm group
and the baseline values of each parameter. This analysis is a
generalization of a linear regression model that consists of
several regression equations, each having its own dependent
variable and potentially different sets of exogenous explana-
tory variables. Each equation is a valid linear regression in its
own right and can be estimated separately, but the error terms
are assumed to be correlated across the equations. In all the
analyses, a P-value < 0.05 was considered statistically
significant.

Results

Baseline clinical and demographic characteristics, tumour
location and tumour size of patients are shown in Table
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2. At this time there was no significant difference in age,
gender, tumour location, size, and visual function param-
eters between NGF and placebo-treated patients.

Safety

Both NGF and placebo treatments were well tolerated in all
patients, with no severe ocular adverse events reported.
Ocular adverse events considered by the investigator as
related to the study drug were reported in two patients
(20%) treated with NGF eye drops (Supplementary Table
2). These included periocular burning lasting <10 min after
drug application. All patients of the NGF group reported
that they had experienced phosphenes, often several times
in one day. These were characterized variously as moving
horizontal and/or vertical lines, circles or semi-circular
shapes, crescent moons, lightning bolts, swirling waves,
and flashes covering the entire visual field. However, all
treatment-related ocular adverse events were mild.
Neither corneal inflammation, nor active inflammation of
the anterior chamber was noted in any patient on slit lamp
examination. Overall, patient/guardian-rated and investiga-
tor-rated tolerability was good. MRI control examinations
performed at baseline and 6 months after the end of treat-
ment did not show any disease progression in either NGF-
or placebo-treated patients (Supplementary Fig. 1). In six
patients, tumour size measurements could not be reliably
performed due to non-homogenous morphology of the le-
sions and/or ill-defined margins (Table 2). Optic coherence
tomography did not show retinal alteration over the study
period.

Efficacy evaluation:
electrophysiological results

Examples of electroretinogram and VEP curves in a NGF
and a placebo-treated patient are shown in Fig. 1 at base-
line and at one time during the treatment. Individual curves
representing the time course of the amplitude variation
from baseline in the PhNR (top) and the VEP first har-
monic (bottom) in individual eyes of NGF- (left) and pla-
cebo- (right) treated patients are shown in Fig. 2. A
considerable degree of variability is evidenced from case
to case, but only placebo-treated patients presented major
worsening, while the greatest improvements from baseline
were observed in NGF-treated patients. This qualitative dif-
ference is particularly evident for the VEPs. These same
data are summarized as means and standard deviations
(SD) in Fig. 3. Multivariate analysis with Sureg regression
including all six electrophysiological experimental outcomes
(amplitude and latency of PhNR, VEP first and second har-
monic performed on eyes with no complete loss of visual
function, RNFL and optical coherence tomography meas-
ures) showed significant effects of the treatment on the
PhNR and the VEP first harmonic amplitude. In particular,
this model showed statistically significant mean differences
between NGF-treated and placebo group of PhNR
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Placebo
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NGF

180d

2uv
30ms
30d
4uV

50ms

Figure | Examples of electroretinogram and VEP curves recorded from a NGF- and a placebo-treated subjects. Grey lines
represent baseline recording. Black lines represent recordings at the specified times. The electroretinogram PhNR component is the negative
deflexion from baseline indicated by the dotted lines in the traces. d = days.

amplitude at 180 days (P < 0.01), and of PhNR latency at
15 days (P < 0.01) and at 180 days (P = 0.02) and of VEP
first harmonic amplitude at 30 days (P < 0.01). Statistically
significant differences between the two study groups were
not observed in any of the other objective visual outcome
measures (Table 3).

Efficacy evaluation: clinical results

Reliable visual field measures were obtained for 18 eyes,
including 10 NGF- and eight placebo-treated eyes, from six
NGF- and five placebo-treated patients, respectively. As
established in the study design, visual field modifications
were evaluated in double-blind manner by two experts,
acting independently of one another. Visual fields were
scored as improved, stable, or worsened compared to base-
line. Expert scoring was coincident. Their results are shown
in Fig. 4A, where, for the sake of simplicity, only the per-
centage of cases with a visual field modification are
reported. Visual field improvement was more frequent in
the NGF- than in placebo-treated eyes (five versus one eyes,
three versus one patients, respectively). Furthermore, visual
field worsening was only observed among placebo-treated
eyes. Examples of the variation of the visual field limits
observed with two different targets in NGF- and placebo-
treated eyes are shown in Fig. 4B, which illustrates a
significant enlargement compared to baseline in the NGF-
treated case. This enlargement was never observed in
placebo-treated patients. Visual acuity did not show any
significant change over the trial in either NGF- or pla-
cebo-treated eyes.

Efficacy evaluation: subjective
patient/caregiver reports

Patients spent the most part of the study in their familiar
surroundings, but could always get in touch with the senior
oncologist to report observations and difficulties. Four of
the NGF-treated patients/caregivers reported improvement
of visually guided behaviour in the patient (e.g. ability to
walk through doorways without assistance). These included
the three NGF patients with improved visual fields. No
subjective improvement was reported for any placebo-
treated patient.

Discussion

This randomized, double-blind, placebo controlled, clinical
study was designed to evaluate the safety and efficacy of
conjunctively applied NGF in children with OPG-associated
visual impairment. We found that NGF treatment led to
significant improvements in objective electrophysiological
parameters (PhNR amplitude and VEP), which were not
observed in placebo-treated patients. Furthermore, among
patients retaining measurable visual fields (50% of the
cases), visual field restriction was only observed in pla-
cebo-treated cases, while one-third of the NGF-treated
cases showed significant visual field enlargement. This cor-
responded to improved visually guided behaviour, as re-
ported by the patient and/or the caregivers (who, due to
the study design, were blind to the treatment nature). There
was no evidence of adverse effects, or serious ocular or
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PhNR

1 1 f . FRLT S
0 60 120 180 0 60 120 180
time (days)

VEP

NGF 164 placebo

AVep_1harmonic (uV)

0 60 120 180 0 60 120 180
time (days)

Figure 2 Individual time courses of PhNR and VEP first harmonic amplitude variation from baseline in NGF- and placebo-
treated patients. Variations from baseline are represented as absolute values. Each curve represents a single eye. Top: PhNR amplitude; Bottom:
VEP first harmonic.
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Figure 3 Mean amplitude variation in PhNR and VEP first harmonic over time in NGF- and placebo-treated patients. Data are
represented as means and SD.

Table 3 Adjusted estimates of mean differences between NGF and placebo arm for several optical parameters
obtained from seemingly unrelated equations regression model; adjustment is made for the optical parameters at
baseline. The values highlighted in bold indicate a statistical significance

Days since treatment start Estimate 95% CI P-value
PHNR amplitude I5 .17 (—0.99:3.34) 0.29
30 1.57 (—0.60;3.73) 0.16
90 2.05 (—0.11;4.22) 0.06
180 3.11 (0.79;5.43) 0.01
PHNR latency 15 1.47 (0.56;2.37) <0.01
30 0.55 (—0.36;1.45) 0.24
90 0.59 (—0.31;1.50) 0.20
180 1.16 (0.19;2.13) 0.02
VEP amplitude | I5 0.18 (—2.42;2.78) 0.89
30 3.72 (1.12;6.32) 0.01
90 0.05 (—2.55;2.64) 0.97
180 —0.20 (—2.98;2.58) 0.89
VEP amplitude Il I5 —0.37 (—0.90;0.16) 0.17
30 0.07 (—0.46;0.59) 0.80
90 0.23 (—0.29;0.76) 0.39
180 0.10 (—0.47;0.66) 0.74
RNFL 15 —6.48 (—16.81;3.85) 0.22
30 —1.82 (—12.14;8.51) 0.73
90 0.27 (—10.06;10.60) 0.96
180 —5.40 (16.43;5.63) 0.34
OCT 15 6.34 (—18.79;31.49) 0.62
30 —21.03 (—46.16:4.11) 0.10
90 9.31 (—15.83;34.44) 0.47
180 8.15 (—18.60;34.91) 0.55

Note: estimated parameters for optical values at baseline are not reported in the table.

OCT = optical coherence tomography.
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Figure 4 Visual field variations in NGF- and placebo-
treated patients. (A) Number of improved and worsened visual
fields (VFs) in NGF- and placebo-treated patients at various times
after treatment. The actual numbers of visual fields is reported on
each bar. Visual field assessment was performed qualitatively in
double-blind by two independent observers. (B) Examples of visual
field variations from baseline during the trial in a NGF- and a pla-
cebo-treated subject. Traces are obtained using the lll4e (left) and
V4e (right) targets. d = days.

systemic safety issues related to NGF treatment. MRI dis-
played stable tumour size.

One first important issue to consider is the lack of
adverse effects of the treatment. NGF eye-drops have
already been tested in a number of clinical eye conditions,
including corneal ulcers and glaucoma. None of the pa-
tients included in such studies experienced significant ad-
verse effects either topically or systemically (Lambiase
et al., 2007, 2010). Similarly, no adverse effect was
observed in OPG patients enrolled in our previous pilot
open-label studies with NGF eye drops (Falsini et al.,
2011). These studies represented our base reference in the
trial design. In line with these studies, no major visual
adverse effect was observed in the present study. A critical
issue in the study design was the risk of adverse effects of
the treatment on tumour progression. A low risk expect-
ation was based on two levels of observation. Low-grade
astrocytomas are characterized by markedly reduced
(~75% less) NGF and TrkA expression, and upregulation
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of the pro-apoptotic p75 NGF receptor (Chiaretti et al.,
2004). It is postulated that this is related to the slow
growth of these tumours, and to the potential differentiat-
ing role of NGF on tumour cells. In line with this view,
astrocytoma and low grade glioma cells can undergo dif-
ferentiation when exposed to NGF in vitro (Kraft et al.,
2001), and preclinical experiments show inhibition of
glioma cell proliferation following NGF in vivo administra-
tion (Verge et al., 2002). For these reasons we considered it
unlikely that a limited acute dose of NGF administered as
eye drops would interfere with OPG growth. In line with
this view, none of the six patients treated in our previous
pilot studies showed tumour growth either in the 6-month
period of the study (Chiaretti et al., 2011; Falsini et al.,
2011), or in the 2 years that have now elapsed since their
treatment. This expectation has been confirmed in the pre-
sent study where no tumour growth was observed 6
months after the trial short-term NGF treatment, as as-
sessed by expert neuroradiological review of brain MRI
scans taken at baseline and at 6 months from the
trial. The main expectations from the trial was the proof-
of-principle of a non-invasive therapeutic strategy to coun-
teract the visual decline that is a constant and still unmet
feature of OPGs. Our two previous open-labelled studies
had already raised hopes that NGF treatment could provide
such a tool, by showing improved VEP in treated patients.
The present double-blind study provides solid grounds for
such an expectation, showing that, although with consider-
able variability from patient to patient, NGF treatment led
to improved objective and subjective visual parameters,
which are not found in placebo-treated patients. While
the possibility of a placebo effect and examiner bias was
inherent in our previous open-label pilot studies, this can
likely be excluded in the present double-blind design, as
neither the examiner nor the patient or caregivers were
aware of whether the subject was receiving treatment or
placebo. The double-blind design also enables other poten-
tial sources of bias to be excluded, such as improvement
due to repeat testing and intersession variability, as these
would have affected NGF- and placebo-treated patients
alike. Significantly improved objective and subjective
visual outcomes in treated patients, together with the lack
of similar effects in placebo-treated cases, suggests biolo-
gical activity of NGF treatment. NGF receptors are found
on the RGCs—whose axons form the pre-geniculate part of
the optic pathway, as well as in the visual cortex. In animal
models, intra-ocular NGF has proved able to preserve RGC
function following ischaemic or traumatic insults (Verge
et al., 1992; Siliprandi et al., 1993; Lambiase et al.,
2009; Sivilia ef al., 2009; Bai et al., 2010). Similarly,
when directly applied in the visual cortex, NGF can
boost excitatory inputs, improve visual responses
(Pizzorusso et al., 1999; Galuske et al., 2000), and promote
visual cortical plasticity (Maffei e al., 1992). In the present
study, we found that a short (10 day) period of treatment
resulted in a long-term (3—-6 months) stabilization/improve-
ment of visual function. The period of treatment and the
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cumulative dose were chosen on the basis of our previous
pilot studies (Chiaretti et al., 2011; Falsini et al., 2011),
indicating that this treatment regimen was safe, and show-
ing promising functional results, suggesting efficacy. Our
intent was to test the hypothesis that this short treatment
would be able to show a significant effect when compared
to placebo. The long-term effect on visual function is con-
sistent with a prolonged change in visual neurons following
NGF exposure. Different biological activities have been
proposed to explain the mechanisms of action of NGF on
the visual system. In animal models, NGF binding to TrkA
upregulates BCL2 protein levels, which protects RGC from
apoptosis by preventing caspase activation (Coassin et al.,
2008). Following a single NGF administration, the tran-
scriptional activity activated by the NGF pathway induces
a pro-survival change in BAX/BCL2 balance and C-Jun
expression in RGCs, with neuroprotective effects that
may last several months (Sivilia et al., 2009). Based on
these studies, we speculate that neuroprotection of RGCs
by NGF may represent a main mechanism active in eliciting
the reported prolonged effects of NGF in children with
optic gliomas. We cannot exclude, however, that the effects
of NGF may relate not only to a protective activity against
neural apoptosis. NGF is known to act at different levels to
promote neuronal recovery following ischaemic, inflamma-
tory and traumatic injuries: through neosynaptogenetic
mechanism, by  promoting axonal regeneration
(Shimohama et al., 1993), by regulating miRNA expression
(Shi, 2015), and by directly affecting induction of other
growth factors, such as BDNF, whose neuroprotective ef-
fects on RGCs has been reported (Chen ez al., 2001; Frost,
2001). Moreover, it has also been demonstrated that ocular
administration of NGF could elicit an NGF-mediated neu-
roprotective effect in several brain nuclei (Calza et al.,
2001; Tirassa, 2011), including brain regions and cells
not strictly related to the optic pathway. Thus, an improve-
ment of visual cortex physiology elicited by ocular NGF
treatment cannot be excluded.

Together with tumour progression, visual decline in OPG
is the most important reason that paediatric neuro-
oncologists take into account for introducing more aggres-
sive therapy, including chemotherapy and/or radiotherapy
(Fisher et al., 2013). These treatments can have devastating
effects on some patients, and their efficacy in preserving
visual function is variable (Moreno et al., 2010; Fisher
et al., 2013), particularly in the long term (Shofty et al.,
2011). A potential alternative strategy for dealing with
visual deficits in OPG, as shown here with NGF treatment,
could allow a separate management of visual deficits and
tumour progression, potentially reducing the need or the
frequency of more aggressive treatments in this kind of
tumour.

In conclusion, the significant improvement of electro-
physiological and visual subjective measures in treated
eyes, taken with the absence of significant vision loss in
treated eyes, and the lack of significant improvement in
placebo-treated eyes, is a promising finding that merits

B. Falsini et al.

further investigation. As this study included a small
number of patients we cannot exclude that some potential
positive effects of NGF, compared to placebo, have been
missed for some parameters. However, we should take into
account that this study was a phase 2 trial and its main
objective was to identify the possible therapeutic efficacy of
this new treatment. A phase 3 trial with a larger number of
subjects and including more clinical centres should be con-
sidered to confirm these encouraging results. These results
suggest that NGF eye drops could provide a potentially safe
strategy to ameliorate visual function in OPGs. This is the
first report of a non-aggressive strategy with beneficial
effects on visual function in childhood OPG.

Funding

This study was supported by the Project ‘Translational
Study on Neuroprotective Role of Conjunctivally Applied
Nerve Growth Factor in Childhood Optic Gliomas® (Grant
no. 2009-1536140) by Ministero della Salute — Direzione
Generale della Ricerca Scientifica e Tecnologica — Rome,
Italy.

Supplementary material

Supplementary material is available at Brain online.

References

Abed E, Piccardi M, Rizzo D, Chiaretti A, Ambrosio L, Petroni S,
et al. Functional loss of the inner retina in childhood optic gliomas
detected by photopic negative response. Invest Ophthalmol Vis Sci
2015; 56: 2469-74.

Avery RA, Liu GT, Fisher MJ, Quinn GE, Belasco JB, Phillips PC,
et al. Retinal nerve fiber layer thickness in children with optic path-
way gliomas. Am J Ophthalmol 2011; 151: 542-9.

Bai Y, Dergham P, Nedev H, Xu J, Galan A, Rivera JC, et al. Chronic
and acute models of retinal neurodegeneration TrkA activity are
neuroprotective whereas p7SNTR activity is neurotoxic through a
paracrine mechanism. ] Biol Chem 2010; 285: 39392-400.

Binning MJ, Liu JK, Kestle JR, Brockmeyer DL, Walker ML. Optic
pathway gliomas: a review. Neurosurg Focus 2007; 23: E2.

Caleo M, Menna E, Chierzi S, Cenni MC, Maffei L. Brain-derived
neurotrophic factor is an anterograde survival factor in the rat
visual system. Curr Biol 20005 10: 1155-61.

Calza A, Florenzano F, Pellegrini D, Tirassa P. Time-dependent acti-
vation of c-fos in limbic brain areas by ocular administration of
nerve growth factor in adult rats. J Ocul Pharmacol Ther 2011;
27: 209-18.

Capsoni S, Covaceuszach S, Ugolini G, Spirito F, Vignone D, Stefanini
B, et al. Delivery of NGF to the brain: intranasal versus ocular
administration in anti-NGF transgenic mice. ] Alzheimer’s Dis
2009; 16: 371-88.

Carmignoto G, Comelli MC, Candeo P, Cavicchioli L, Yan Q,
Merighi A, et al. Expression of NGF receptor mRNA in the develop-
ing and adult rat retina. Exp Neurobiol 1991; 111: 302-11.

Chen H, Weber AJ. BDNF enhances retinal ganglion cell survival in
cats with optic nerve damage. Invest Ophthalmol Vis Sci 2001; 42:
966-74.

9T0Z ‘8z Afenuer uo 1s9nb Aq /B10'sfeulnolpiofxo utelq//:dny woly papeojumoq


http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awv366/-/DC1
http://brain.oxfordjournals.org/

NGF improves visual loss in optic gliomas

Chiaretti A, Aloe L, Antonelli A, Ruggiero A, Piastra M, Riccardi R,
et al. Neurotrophic factor expression in childhood low-
grade astrocytomas and ependymomas. Childs Nerv Syst 2004;
20: 412-9.

Chiaretti A, Antonelli A, Genovese O, Fernandez E, Di Giuda D,
Mariotti P, et al. Intraventricular nerve growth factor infusion im-
proves cerebral blood flow and stimulates doublecortin expression in
two infants with hypoxic-ischemic brain injury. Neurol Res 2008;
30: 223-8.

Chiaretti A, Falsini B, Servidei S, Marangoni D, Pierri F, Riccardi R.
Nerve growth factor eye drop administration improves visual func-
tion in a patient with optic glioma. Neurorehabil Neural Repair
20115 25: 386-90.

Coassin M, Lambiase A, Sposato V, Micera A, Bonini S, Aloe L.
Retinal p75 and bax over expression is associated with retinal gan-
glion cells apoptosis in a rat model of glaucoma. Graefes Arch Clin
Exp Ophthalmol 2008; 246: 1743-49.

Eriksdotter Jonhagen M, Nordberg A, Amberla K, Bickman L,
Ebendal T, Meyerson B, et al. Intracerebroventricular infusion of
Nerve Growth Factor in three patients with Alzheimer’s disease.
Dement Geriatr Cogn Disord 1998; 9: 246-57.

Falsini B, Ziccardi L, Lazzareschi I, Ruggiero A, Placentino L,
Dickmann A, et al. Longitudinal assessment of childhood optic gli-
omas: relationship between flicker visual evoked potentials and mag-
netic resonance imaging findings. ] Neurooncology 2008; 88: 87-96.

Falsini B, Chiaretti A, Barone G, Piccardi M, Pierri F, Colosimo C,
et al. Topical nerve growth factor as a visual rescue strategy in
pediatric optic gliomas: a pilot study including electrophysiology.
Neurorehabil Neural Repair 2011; 25: 512-20.

Fisher MJ, Avery RA, Allen JC, Ardern-Holmes SL, Bilaniuk LT,
Ferner RE, et al. Functional outcome measures for NF1-associated
optic pathway glioma clinical trials. Neurology 2013; 81(21 Suppl
1): S15-24.

Frost DO. BDNF/trkB signaling in the developmental sculpting of
visual connections. Prog Brain Res 2001; 134: 35-49.

Galuske RA, Kim DS, Castren E, Singer W. Differential effects of
neurotrophins on ocular dominance plasticity in developing and
adult cat visual cortex. Eur J Neurosci 2000; 12: 3315-30.

Gu S, Glaug N, Cnaan A, Packer R], Avery RA. Ganglion cell layer-
inner plexiform layer thickness and vision loss in young children
with optic pathway gliomas. Invest Ophthalmol Vis Sci 2014; 55:
1402-8.

Hegedus B, Hughes FW, Garbow JR, Gianino S, Banerjee D, Kim K,
et al. Optic nerve dysfunction in a mouse model of neurofibromatosis-
1 optic glioma. ] Neuropathol Exp Neurol 2009; 68: 542-51.

Kalin-Hajdu E, Décarie JC, Marzouki M, Carret AS, Ospina LH.
Visual acuity of children treated with chemotherapy for optic path-
way gliomas. Pediatr Blood Cancer 2014; 61: 223-7.

Kim KY, Ju WK, Hegedus B, Gutmann DH, Ellisman MH.
Ultrastructural characterization of the optic pathway in a mouse
model of neurofibromatosis-1 optic glioma. Neuroscience 2010;
170: 178-88.

Kraft R, Basrai D, Benndorf K, Patt S. Serum deprivation and NGF
induce and modulate voltage-gated Na(+) currents in human astro-
cytoma cell lines. Glia 2001; 34: 59-67.

Lambiase A, Tirassa P, Micera A, Aloe L, Bonini S. Pharmacokinetics
of conjunctivally applied nerve growth factor in the retina and
optic nerve of adult rats. Invest Ophthalmol Vis Sci 2005; 46:
3800-6.

Lambiase A, Coassin M, Sposato V, Micera A, Sacchetti M, Bonini S,
et al. NGF topical application in patients with corneal ulcer does not

BRAIN 2016: Page Il of II | 11

generate circulating NGF antibodies. Pharmacol Res 2007; 56:
65-9.

Lambiase A, Aloe L, Centofanti M, Parisi V, Bao SN, Mantelli F, et al.
Experimental and clinical evidence of neuroprotection by nerve
growth factor eye drops: implications for glaucoma. Proc Natl
Acad Sci USA 2009; 106: 13469-74.

Lambiase A, Mantelli F, Bonini S. Nerve growth factor eye drops to
treat glaucoma. Drug News Perspect 2010; 23: 361-7.

Maffei L, Berardi N, Domenici L, Parisi V, Pizzorusso T. Nerve
growth factor (NGF) prevents the shift in ocular dominance distri-
bution of visual cortical neurons in monocularly deprived rats.
J Neurosci 1992; 12: 4651-62.

Moreno L, Bautista F, Ashley S, Duncan C, Zacharoulis S. Does
chemotherapy affect the visual outcome in children with optic path-
way glioma? A systematic review of the evidence. Eur J Cancer
2010; 46: 2253-9.

Pizzorusso T, Berardi N, Rossi FM, Viegi A, Venstrom K, Reichardt
LF, et al. TrkA activation in the rat visual cortex by antirat trkA
IgG prevents the effect of monocular deprivation. Eur J Neurosci
1999; 11: 204-12.

Porciatti V, Ventura LM. Retinal ganglion cell functional plasticity and
optic neuropathy: a comprehensive model. J Neuroophthalmol
2012; 32: 354-8.

Rossi FM, Sala R, Maffei L. Expression of the nerve growth factor
receptors TrkA and p75NTR in the visual cortex of the rat: devel-
opment and regulation by the cholinergic input. ] Neurosci 2002;
22: 912-9.

Sala R, Viegi A, Rossi FM, Pizzorusso T, Bonanno G, Raiteri M, et al.
Nerve growth factor and brain-derived neurotrophic factor increase
neurotransmitter release in the rat visual cortex. Eur ] Neurosci
1998; 10: 2185-91.

Shimohama S, Ogawa N, Tamura Y, Akaike A, Tsukahara T, Iwata
H, et al. Protective effect of nerve growth factor against glutamate
induced neurotoxicity in cultured cortical neurons. Brain Res 1993;
632: 296-302.

Sivilia S, Giuliani A, Fernandez M, Turba ME, Forni M, Massella A,
et al. Intravitreal NGF administration counteracts retina degener-
ation after permanent carotid occlusion in rat. BMC Neuroscience
2009; 10: 52-66.

Shi J. Regulatory networks between neurotrophins and miRNAs in
brain diseases and cancers. Acta Pharmacol Sinica 2015; 36:
149-157.

Shofty B, Ben-Sira L, Freedman S, Yalon M, Dvir R, Weintraub M,
et al. Visual outcome following chemotherapy for progressive
optic pathway gliomas. Pediatr Blood Cancer 2011; 57: 481-5.

Siliprandi R, Canella R, Carmignoto G. Nerve growth factor promotes
functional recovery of retinal ganglion cells after ischemia. Invest
Ophthalmol Vis Sci 1993; 34: 3232-45.

Tirassa P. The nerve growth factor administrated as eye drops acti-
vates mature and precursor cells in subventricular zone of adult rats.
Arch Ttal Biol 2011; 149: 205-13.

Tropea D, Capsoni S, Covaceuszach S, Domenici L, Cattaneo A. Rat
visual cortical neurones express TrkA NGF receptor. Neuroreport
2002; 13: 1369-73.

Verge VM, Merlio JP, Grondin ], Ernfors P, Persson H, Riopelle R],
et al. Colocalization of NGF binding sites, trkA mRNA, and
low-affinity NGF receptor mRNA in primary sensory neurons:
responses to injury and infusion of NGF. J Neurosci 1992; 12:
4011-22.

Verge S, Yoshino A, Katayama Y, Watanabe T, Fukushima T. Growth
control of Cé6 glioma in wvivo by nerve growth factor. J
Neurooncology 2002; 59: 199-205.

9T0Z ‘8z Afenuer uo 1s9nb Aq /B10'sfeulnolpiofxo utelq//:dny woly papeojumoq


http://brain.oxfordjournals.org/

