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Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disease characterized by progressive loss of
motoneurons. We have recently uncovered a new neu-
rotrophic growth factor, granulocyte-colony stimulating
factor (G-CSF), which protects oc-motoneurons, improves
functional outcome, and increases life expectancy of
SOD-1 (G93A) mice when delivered subcutaneously.
However, chronic systemic delivery of G-CSF is compli-
cated by elevation of neutrophilic granulocytes. Here, we
used adeno-associated virus (AAV) to directly target and
confine G-CSF expression to the spinal cord. Whereas
intramuscular injection of AAV failed to transduce
motoneurons retrogradely, and caused a high systemic
load of G-CSF, intraspinal delivery led to a highly specific
enrichment of G-CSF in the spinal cord with moderate
peripheral effects. Intraspinal delivery improved motor
functions, delayed disease progression, and increased
survival by 10%, longer than after systemic delivery.
Mechanistically, we could show that G-CSF in addition to
rescuing motoneurons improved neuromuscular junction
(NMY)) integrity and enhanced motor axon regeneration
after nerve crush injury. Collectively, our results show that
intraspinal delivery improves efficacy of G-CSF treatment
in an ALS mouse model while minimizing the systemic
load of G-CSF, suggesting a new therapeutic option for
ALS treatment.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an incurable fatal motoneu-
ron disease, characterized by progressive weakness, muscle wasting
and death ensuing 3-5 years after diagnosis.' The etiopathogen-
esis and pathophysiology of ALS is complex with many players
involved that lead to the functional decline of the motor pathway.>*
Due to insufficient insights into the molecular pathway(s) crucial
to ALS pathogenesis the most rational strategy at present remains

to rescue and strengthen motor units with neurotrophic factors.®
A number of growth factors have been clinically tested in ALS
without success so far, but major pharmacokinetic problems and
unexpected peripheral effects preclude any conclusion as to the
true therapeutic potential of this concept.®

Granulocyte-colony stimulating factor (G-CSF) is a 19.6kd
cytokine first described as a hematopoietic growth factor that
stimulates proliferation and differentiation of myeloid precursors.®
We and others have uncovered neurotrophic properties of G-CSE.
G-CSF and its receptor are expressed by neurons in many regions
of the adult brain and spinal cord.” G-CSF appears clinically
attractive, because it is generally well-tolerated, crosses the intact
blood-brain barrier,” and its pharmacokinetic properties are well
established. A large number of studies in various animal models
of neurodegenerative diseases demonstrated that G-CSF is neuro-
protective and proregenerative in models of stroke,” Parkinson’s
disease," and of spinal cord injury.’

In 2008, we reported that G-CSF had beneficial effects in SOD-1
(G93A) transgenic mice, an animal model for ALS, after systemic
delivery using subcutaneous pump delivery or transgenic expres-
sion of G-CSE® One key mechanism of G-CSF beneficial action
is its direct antiapoptotic effect on motoneurons, as supported by
G-CSF-mediated protection of motoneurons after neonatal sciatic
nerve axotomy."!

One challenge for growth factor treatment in ALS is the likely
need for a very chronic treatment with those proteins. In the case
of G-CSE any form of systemic delivery, such as subcutaneous
delivery, has the inherent consequence of a chronic rise in white
blood cells (WBC). The effects of such chronic elevation of WBCs
have not been explored extensively in humans. In addition, the
limited plasma half-life (~4 hours) would require repeated dosing
or some sort of pump delivery of the protein.

To circumvent these problems, direct delivery of G-CSF to the
central nervous system (CNS) using viral vectors might be advan-
tageous. Recombinant adeno-associated virus'? is replication-
deficient, derived from a nonpathogenic virus, and able to infect
numerous cell types, including neurons, resulting in its pres-
ence in the nucleus as episomal concatamers.”” In nondividing
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neuronal cells, the virus may persist in that form for the lifetime
of the cell. AAV serotype 2 was described to be able to transduce
spinal motoneurons of SOD-1 (G93A) mice after intramuscular
and intraspinal injections,'*'"* and lead to the production of neu-
rotrophic factors.

We used a chimeric AAV1/2, known to have enhanced trans-
duction efficiency over AAV2 in the CNS to deliver G-CSF to spi-
nal motor neurons by either intramuscular or direct intraspinal
injection of AAV. We show here that intraspinal delivery improved
efficacy of G-CSF treatment and decreased peripheral load and
elevation of leukocyte count.

RESULTS

Muscular injection fails to transduce motoneurons

in SOD-1 (G93A) transgenic mice

An elegant and clinically feasible way to bring G-CSF to motoneu-
rons would be to exploit the retrograde transport ability of AAV
and inject the virus into skeletal muscles where it would be taken
up by presynaptic neuromuscular junctions (NM]s). Indeed, suc-
cessful targeting of motoneurons with AAV using this route has
been described.”” Motoneurons are then expected to synthesize
and secrete G-CSF that will bind to its neuronally expressed recep-
tor and induce antiapoptotic pathways. Such a strategy would have
the additional advantage of mimicking the endogenous autocrine
behavior of the ligand in neurons.”

We injected a total of 0.9 x 10" particles of G-CSF-expressing
and control virus into the gastrocnemius and longissimus thoracis
muscles of SOD-1 (G93A) transgenic mice. We next studied virus-
mediated enhanced green fluorescent protein (eGFP) expression
4 weeks after injection, i.e., the reported time for the maximal
expression of AAV-encoded proteins.'® Surprisingly, we were
unable to detect any fluorescent signal in the spinal cord of intra-
muscularly (i.m.) injected mice (n = 10; Figure 1a,c), while there
was strong eGFP expression in all injected muscles (Figure le),
suggesting either that AAV particles were not retrogradely trans-
ported or that transported particles did not lead to detectable
amounts of eGFP expression. For a more sensitive detection of
virus presence in the spinal cord after i.m. delivery, we employed
quantitative PCR analysis of DNA extracted from the thoracic
and lumbar spinal cord. However, we were unable also with this
method to detect viral DNA in the spinal cord of any of the ani-
mals studied (n = 4; Supplementary Figure S1).

We therefore decided to directly inject viral particles into the
spinal cord to transduce motoneurons.”” This mode of injection
led to strong and mainly neuronal expression of the virus-derived
eGFP in the ventral spinal cord (Figure 1d)' over a length of at
least 2mm (Figure 1b,d), but not in the musculature (Figure 1f).
Thus, intramuscular injection of AAV particles in our hands did
not result in detectable retrograde transport of the virus, whereas
intraspinal delivery appears as a very efficient way to deliver AAV
particles to the spinal cord.

Intraspinal injection of AAV leads

to a highly CNS-specific expression of G-CSF

After intramuscular injection at week 15, we observed a high
level of G-CSF in the serum accompanied by a moderate increase
of G-CSF in spinal cord extracts. In contrast to this, intraspinal

Molecular Therapy vol. 19 no. 2 feb. 2011

CNS-targeted Viral Delivery of G-CSF in ALS Mice

125um

Slpm

S50pm

125um

125um

Figure 1 G-CSF expression in motoneurons after intramuscular and
intraspinal injection of AAV. (a,c) Following intramuscular injection no
virus expression can be detected in the spinal cord. However, the virus
expresses eGFP in the (e) skeletal muscle. (b,d) In contrast, intraspinal
injection leads to a strong transduction of motoneurons. As expected,
no virus expression is seen in the (f) musculature. AAV, adeno-associated
virus; eGFP, enhanced green fluorescent protein; G-CSF, granulocyte-
colony stimulating factor.

injection of AAV G-CSF strongly increased spinal G-CSF levels,
but only moderately elevated serum G-CSF (serum: i.m. G-CSF:
1.890 pg/ml; intraspinal G-CSF: 420.1 pg/ml; eGFP: 92.5pg/ml;
P < 0.05 for both injections; spinal cord: i.m. G-CSF: 1.25 pg/mg;
intraspinal G-CSF: 229.2 pg/mg; eGFP: 0.3 pg/mg; P < 0.05 for
both injections Figure 2a,b).

Serum G-CSF is able to stimulate the proliferation of neutro-
phil precursors and their differentiation into mature neutrophilic
granulocytes.”” Indeed, we noted a significant elevation of neu-
trophils after both intramuscular and intraspinal injections when
compared to the control SOD-1 (G93A) mice. Whereas neutro-
phil count was eightfold elevated with i.m. injection (4.04 neu-
trophils/nl), intraspinal delivery resulted only in a threefold
elevation (1.68 neutrophils/nl), still within the normal value
range for mice® (Figure 2c¢). Thus, muscular injection of AAV
predominantly led to a systemic delivery of G-CSF produced in
the injected muscles, along with its expected consequences in
terms of neutrophil elevation and did not pose any advantage
over systemic subcutaneous delivery. In contrast, intraspinal
injection led to a highly CNS-specific delivery with low systemic
levels, and a moderate increase of neutrophils, suggesting that
this mode of delivery could maximize the neuroprotective effects,
and minimize the peripheral effects. We thus focused our efforts
on this mode of delivery.
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Figure 2 Distribution of G-CSF after intramuscular and intraspinal
injection of AAV vector. (a) The level of G-CSF in the serum is increased
in mice injected with AAV G-CSF compared to mice injected with the
control vector (n =10, *P < 0.05). Muscular injection of AAV G-CSF leads
to a higher level of circulating G-CSF compared to the spinal injection
(P < 0.05). (b) Level of G-CSF in the total spinal cord is increased in
mice injected with AAV G-CSF compared to mice injected with the con-
trol vector (n = 6, P < 0.05). The increase following intraspinal injec-
tion is 150-fold higher than after intramuscular injection (P < 0.05).
(c) Neutrophil numbers following intramuscular and intraspinal injec-
tions of AAV G-CSF. The number of neutrophils increases after both mus-
cular and spinal injections. Neutrophil counting was performed using
an automatic counting system (n =7, *P < 0.05). AAV, adeno-associated
virus; G-CSF, granulocyte-colony stimulating factor; i.m., intramuscular;
i.sp., intraspinal.

Spinal delivery of G-CSF is beneficial for SOD-1
(G93A) mice

Since intraspinal injection in contrast to i.m. injection requires
a relatively lengthy surgery, we studied postoperative behavior,
weight, and motor performance of the mice and found no obvi-
ous difference between mice before and 1 week after surgery
(Supplementary Figure S2), suggesting that the surgery did
not have a major impact on general mouse health and motor
functions.

We monitored Rotarod and grip strength performance as indi-
cators of muscular endurance and strength weekly in AAV G-CSF
or control injected animals (n = 12 female mice per group, litter-
matched). Our experimental settings comply with the guidelines
for preclinical studies in ALS established by the European ALS/
MND group.”’ From week 20 on we noted a relative improve-
ment in muscular strength in the G-CSF versus the control group
(AAV- eGFP: 151 mN; AAV G-CSF: 285 mN; P < 0.05 by repeated
measures analysis of variance and Fisher’s LSD) and a better per-
formance on the Rotarod (AAV-eGFP: 34 seconds; AAV G-CSF:
135 seconds, P < 0.05 by repeated measures analysis of variance
and Fisher’s LSD) (Figure 3).
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Figure 3 AAV G-CSF improves motor functions of SOD-1 (G93A) mice.
(@) Muscular strength measured by the grip strength test. AAV G-CSF
treatment leads to a relative preservation of the muscular strength of
SOD-1 (G93A) mice at the mid- to end-point of the disease (n = 12).
(b) Performance on Rotarod. AAV G-CSF treatment leads to an improve-
ment of endurance/coordination performance at the mid- to end-point of
the disease (n = 12). AAV, adeno-associated virus; eGFP, enhanced green
fluorescent protein; G-CSF, granulocyte-colony stimulating factor.

The disease progression in SOD-1 (G93A) mice is well
described. The disease at its onset is characterized by a slight hind
limb tremor, the midpoint of disease is defined by gait impair-
ment and weight loss, and the end stage of disease is marked
by paresis. Onset of body mass decrease, defined as a drop of
5% of the mouse maximal weight (around 1g), was significantly
delayed by G-CSF treatment by >2 weeks (P < 0.05; Figure 4a).
The onset of gait impairment, defined as abnormal limb move-
ment in at least one hind limb, was not significantly different
between the two groups despite a trend (P < 0.17), but the onset
of paresis, defined as the inability to use one limb in the coor-
dinated stride, was significantly delayed after G-CSF treatment
(P < 0.05; Figure 4b). Most importantly, the clinical end point
of the disease was delayed by 15 days, increasing the survival
by 10% (Figure 4c). This gain in survival was higher than the
increases observed after subcutaneous delivery (7% increased
survival®). An increase of 7% in survival was also seen in the
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Figure 4 AAV G-CSF delays symptoms progression and enhances
survival of SOD-1 (G93A) mice. Kaplan-Meyer graphs showing time to
(a) body mass decrease, (b) onset of paresis, and (c) clinical endstage of
the disease. (@) Body mass decrease, associated with muscular atrophy, is
delayed after AAV G-CSF treatment (P < 0.05). (b) First manifestation of
paresis of the hind limbs is delayed after AAV G-CSF treatment (P < 0.05).
(c) Survival of SOD-1 (G93A) mice is increased by 10% after AAV G-CSF
treatment (P < 0.05). AAV, adeno-associated virus; eGFP, enhanced green
fluorescent protein; G-CSF, granulocyte-colony stimulating factor.

mice treated by i.m. injection, which was essentially a systemic
delivery (Supplementary Figure S3).

Thus, G-CSF delivered by AAV to the spinal cord is able to
delay disease progression and improve survival in SOD-1 (G93A)
mice.

Spinal delivery of G-CSF maintains motor-unit
integrity in SOD-1 (G93A) tg mice

Motoneuron survival. G-CSF is known to protect o.-motoneurons
under proapoptotic conditions.*'' We have previously shown an in-
crease by 30% in the total number of oi-motoneurons at midpoint
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Figure 5 AAV G-CSF improves a-motoneuron survival in SOD-1 (G93A)
mice. (a,c) Quantification of surviving a-motoneurons after AAV G-CSF
treatment, in SOD-1 (G93A) mice at 15 weeks of age. Motoneuron sur-
vival is increased after spinal injection of AAV G-CSF at both the (a) cervi-
cal (+50%; P < 0.05; n=9) and (c) lumbar (+35%; P < 0.05; n = 9) level
of the spinal cord when compared to control. (b,d) Size evaluation of
all ChAT™ cells in SOD-1 (G93A) mice at 15 weeks of age. There is an
upward shift in mean size distribution by AAV G-CSF treatment at both the
(b) cervical and (d) lumbar level (P < 0.05). AAV, adeno-associated virus;
eGFP, enhanced green fluorescent protein; G-CSF, granulocyte-colony
stimulating factor.

of the disease (week 15) after systemic delivery of G-CSF.® Here, we
sought to determine the effect of a direct delivery of G-CSF to mo-
tor neurons at two different spinal segments: the cervical (C3-C4)
and lumbar level (L3-14) of 15-week-old SOD-1 (G93A) mice. We
used the previously described criteria based on localization, size, and
ChAT positivity.® We noted a loss of a-motoneurons at both lum-
bar and cervical spinal segments for the SOD-1 (G93A) mice when
compared to the littermate wild types (P < 0.05; Figure 5). After
G-CSF treatment, we noted a rescue of a-motoneurons at both
the cervical (+50% motoneurons; P < 0.05; Figure 5a) and lumbar
level (+35% motoneurons; P < 0.05; Figure 5c¢). The analysis of the
size distribution of the remaining motoneurons indicates that large
o-motoneurons are particularly protected by G-CSF treatment at
both levels (Figure 5b,d; P < 0.05). Supplementary Figure S4 shows
a histogram size distribution of cervical and lumbar motoneurons.
In addition, we assayed microglial numbers in the spinal cord as a
possible cellular element contributing to disease pathophysiology.?
While microglial numbers were increased in the SOD-1 (G93A)
model at week 15 in contrast to wild-type littermates, we could not
detect any influence of G-CSF on this elevation, a result in concor-
dance with our previous study® (Supplementary Figure S5).
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Figure 6 AAV G-CSF enhances muscular innervation in SOD-1 (G93A)
mice. (a) Double fluorescence immunostaining of nicotinic acetylcholine
receptors (AChr, red) and axons (neurofilament-L, green) in the gastro-
cnemius muscle of 15-week-old mice (AAV-eGFP, AAV G-CSF, and wild-type
mice). (b) Innervated NM]Js in percentage of total NM]Js, in the gastro-
cnemius muscle of 15-week-old mice. AAV G-CSF treatment increases the
fraction of innervated sites (P < 0.0005; n = 5). () Number of innervated
NM]Js normalized to muscle volume. AAV G-CSF treatment increases the
number of innervated NM|s per volume (P < 0.0005; n = 5). AAV, ade-
no-associated virus; eGFP, enhanced green fluorescent protein; G-CSF,
granulocyte-colony stimulating factor; NM)J, neuromuscular junction.

Preservation of NMJs. In ALS, the disruption of the NMJs occurs
long before the degeneration of the cell body of motoneurons.?
Therefore, the rescue of ai-motoneuron cell bodies is not sufficient
to explain a therapeutic effect that inherently implies preserved
muscle innervation® To determine whether G-CSF treatment
can preserve muscular innervation, we investigated the state of the
NMJs in the gastrocnemius muscle of 15-week-old mice. At this
age, mice present clear gait impairment and decreased performance
in both Rotarod and grip strength analyses. At first, we determined
the innervation fraction of the gastrocnemius muscle, defined as the
number of innervated NMJs per total NMJs (innervated and dener-
vated). We found that the gastrocnemius muscle in SOD1 (G93A)
mice showed clear denervation when compared to the littermate
control wild-type mice where virtually all muscular endplates were
found innervated (Figure 6a). The severity of this denervation is
reduced by G-CSF treatment (AAV-eGFP: 57.7% innervation ratio;
AAV G-CSF: 75.7%; wild type: 90.2%; P < 0.05; Figure 6b). This
effect is also seen when comparing the total number of innervated
NM]Js per muscle volume (40% increase in the total number of
NMJs after AAV G-CSF transduction; AAV-eGFP: 40.6 innervated
NM]Js/mm?®; AAV G-CSF: 57.4; P < 0.01; Figure 6¢).

Motor axon regeneration. An important intrinsic compensa-
tory mechanism in ALS is that surviving motoneurons partially
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Figure 7 AAV G-CSF enhances reinnervation after sciatic nerve crush
in SOD-1 (G93A) mice. Innervated NMJs in percentage of total NM]s, in
the gastrocnemius muscle of 15-week-old mice, 6 days after sciatic nerve
crush injury. AAV G-CSF treatment increases reinnervation (P < 0.005;
n = 4). AAV, adeno-associated virus; eGFP, enhanced green fluorescent
protein; G-CSF, granulocyte-colony stimulating factor; NMJ, neuromus-
cular junction.

reinnervate postsynaptic NMJ sites that belonged to the motor
unit of a damaged neighboring motoneuron.”® A G-CSF-induced
higher propensity for motor axon outgrowth may therefore be
an additional mechanism that leads to a higher number of inner-
vated NMJs, especially since G-CSF enhances neurite outgrowth
in vitro.>** To approach this question, we performed sciatic nerve
crush injury on SOD-1 (G93A) mice at 15 weeks of age. Sciatic
nerve crush in adult mice results in axonal degeneration and in
muscular denervation. Due to the small length of the sciatic nerve
and a high regenerative potential in mice, regeneration usually
occurs fast and is complete within 2 weeks in wild-type mice.”
Six days after nerve crush, we counted the percentage of inner-
vated NMJs in the gastrocnemius muscle, ipsilateral to the nerve
injury. Reinnervation was almost complete in wild-type mice af-
ter 6 days, whereas for the SOD-1 (G93A) mice it was strongly
impaired (P < 0.005) possibly due to axonal transport distur-
bances.” AAV-mediated G-CSF treatment led to a higher rein-
nervation rate in the SOD-1 (G93A) mice (AAV-eGFP: 48.0%;
AAV G-CSF: 56.4%; wild type: 82.3%; P < 0.005; Figure 7).

In conclusion, intraspinal delivery of G-CSF was able to
potently preserve NMJs and stimulate axonal regeneration.

DISCUSSION

The results of this study demonstrate that intraspinal delivery of
G-CSF through viral gene therapy improves treatment effects of this
neurotrophic protein, while minimizing unwanted systemic effects.
These data also further solidify our chain of arguments for a direct
motoneuronal mode-of-action of G-CSF versus indirect effects
mediated by its hematopoietic effects. Our results also suggest that
the chimeric AAV1/2 serotype employed here is not a highly effi-
cient means for retrograde transport to motor neurons even if this
serotype is better at transducing neurons than AAV? alone.

Retrograde AAV delivery by intramuscular injections

We could not detect any retrograde transport of AAV after intra-
muscular injection, both measured by eGFP expression and PCR,
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and confirmed by the distribution profile of G-CSE This is unex-
pected, and at odds with several published studies reporting suc-
cessful retrograde transduction of motoneurons.”** The amount
of virus used has been comparable between our work and pub-
lished studies.'>*

One possible reason for the discrepancy to published reports
may lie in the AAV serotype used. Originally, retrograde trans-
duction after muscle injection has been demonstrated for sero-
type 2.1 In a systematic comparison of retrograde transduction
efficiency of different (self-complimentary) serotypes AAV1 per-
formed much better than AAV2 which did not result in detectable
spinal cord transduction after i.m. injection.”” We have used the
chimeric recombinant AAV 1/2 because of its superior transduc-
tion efficiency and neuronal preference in contrast to AAV2!#*
matching the transduction efficiency and tropism of AAV1
reported by others.”*** AAV1/2 was also reported to be transsyn-
aptically transported in the nigrostriatal pathway.** Our failure to
transduce neurons is therefore not easily explained by the chosen
serotype.

We believe that the most likely explanation for our failure
to detect any retrograde transport is the very low retrograde
transduction efficiency resulting in a borderline success rate
of the process. In addition to the above-mentioned data from
Hollis with AAV2, at least one other group has been unable to
detect retrograde transduction after i.m. injection.® Novel self-
complimentary viruses and partial nerve demyelination appear to
produce higher transduction efficiencies.?** Overall, the low effi-
ciency of this application mode makes it unsuited for any clinical
considerations.

Despite the failure of direct CNS transduction, we found
G-CSF elevated in the spinal cord since G-CSF is able to cross the
blood-brain barrier. Predictably, this also leads to a therapeutic
effect on survival similar to systemic subcutaneous pump delivery
(7% increase in survival).® At the same time, constant and mas-
sive production of the virally expressed G-CSF from muscle led
to high serum concentrations and clear elevations of WBC count.
This would generate a considerable safety risk to patients, as the
virus cannot be shut off. Most of the time, quantification and dis-
tribution of the synthesized proteins are not indicated in studies
with AAV,"*'>17 making the comparison between our results with
previous works difficult with regard to relative CNS specificity of
delivery. Our results conclusively show that intramuscular injec-
tion of AAV is not a feasible route for CNS-targeted therapy with
G-CSE

Intraspinal injections have a favorable

efficacy and specificity profile

Injection into the spinal cord led to a rather specific CNS deliv-
ery. Elevation of G-CSF concentration in the serum was moderate
(about threefold) and the elevation of WBCs still in the normal
range for mice.”® The peripheral load of G-CSF was still more than
twofold lower after intraspinal injection when normalizing for the
2.4-fold lower total virus load injected intraspinally versus i.m. At
the same time, CNS levels of G-CSF were 200-fold higher, gen-
erating a very favorable specificity profile for this delivery mode.
It is unclear at present whether the systemic elevation of G-CSF
after intraspinal delivery originates from spurious transduction of
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muscles (e.g., in the injection canal), or from leakage or secretion
of intrathecally produced G-CSF into the blood stream.

Although only injected at the lumbar level, motoneuron
protection was also seen in the cervical spinal cord, presumably
because of sufficient distribution of the secreted protein within the
spinal extracellular space. Injections were made at week 10, likely
resulting in relevant protein expression at week 12-13 (no expres-
sion seen 1 week after delivery; data not shown), and resulted in
clear benefits on motor function and survival. Although expres-
sion of G-CSF and therefore therapy started in the symptomatic
phase, ~2 weeks later than done previously,® survival was increased
from 7 to 10% by specific CNS delivery. The higher survival after a
highly specific CNS delivery suggests that the benefit after G-CSF
treatment is caused by its direct neuroprotective activity rather
than a stimulation of the hematopoietic system or influences on
microglia.

Thus, direct intraspinal injection of AAV appears as a pre-
ferred approach for G-CSF delivery with a minimum of systemic
side effects.

Effect size and translatability of findings

in the mouse model

Do the effects seen in this mouse model justify clinical testing of
the G-CSF concept in patients suffering from ALS? We have seen
strong beneficial effects on motor function, and increases in sur-
vival in the range of 7-10% using various application modes of
G-CSE. 1t is however, fully unclear at present how an increase in
survival seen in the mouse may translate to the human. Translated
linearly, a prolongation of life expectancy of 10% in human
patients would certainly be a clinically highly meaningful benefit
(~6 years).

The real issue with therapeutic experiments in the SOD-1
mouse is however the low reliability of animal efficacy data due to
insufficient rigorousness (blinding, randomization, SOPs, sample
size, control for confounding factors) in the conduction of the ani-
mal studies.” Indeed, most of the positive results reported in the
literature cannot be reproduced under conditions of standardized
testing. Our studies have been conducted under highly standard-
ized conditions including rigorous blinding and randomization
procedures, and have been reproduced in multiple studies with
different application modes. Since G-CSF is also the first growth
factor which appears clinically feasible in terms of safety and
pharmacokinetics, we believe that this approach is worthwhile to
be tested in human patients.

Clinical relevance of AAV therapy for ALS

AAV vectors, particularly AAV2, have been evaluated in clinical tri-
als in a considerable number of diseases, among those Parkinson’s
disease,’® cystic fibrosis,” muscular dystrophy,* Alzheimer’s dis-
ease,! Leber’s congenital amaurosis,* and hemophilia B.** Although
the total number of patients treated is still small, AAV therapy has
not presented major safety issues yet. Findings of liver carcinogen-
esis in neonatal mice are likely an isolated finding.**

AAV therapy for ALS patients appears attractive, even if it has
to be done by intraspinal injections. The main problem of chronic
G-CSF therapy, increased neutrophil counts, would be avoided by
this approach if the findings in mouse can be translated to human
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patients. A caveat in this approach is that intrathecal G-CSF pro-
duction cannot be easily turned off in case of any CNS-specific
problems. The virus can synthesize therapeutic proteins for a long
time period after only one injection, e.g., up to 2 years in non-
human primates.”” After monkey studies, an initial safety trial
using regulatable promoters, for instance the tet-off system, could
answer the question if there are safety issues of long-term G-CSF
delivery to the CNS.*

Recently, novel reports have suggested the transduction of
the CNS via intravenous delivery of the AAV serotype 9. This
appears as a novel interesting delivery route, and needs to be
tested in ALS models.

Mechanism of action of G-CSF: motor-unit
preservation

Besides improving the survival of motoneurons, G-CSF treatment
preserves NM]Js in SOD-1 (G93A) Tg mice. Axonopathy and loss of
NMJs is known to occur in ALS long before motor neuron degenera-
tion and initiation of symptoms.?** Many NMJs arelost in the SOD-1
(G93A) mice from P50 on, before detectable loss of motor axons in
the ventral roots exiting the spinal cord, and long before the first
symptoms of paralysis. Preservation of NMJs by G-CSF treatment
may therefore constitute a complementary protective mechanism,
independent of antiapoptotic protection of the o-motoneurons.

The higher innervation rate of the NMJs under G-CSF treat-
ment may be caused by stabilization of the NMJs, by a higher rein-
nervation of depleted postsynaptic sites, or by both. The present
experiment does not allow us to distinguish between these possibil-
ities. Likely, the effect seen is a combination of these mechanisms.

A very recent paper claims that subcutaneously applied G-CSF
elevates microglial numbers in the spinal cord of SOD1 (G93A)
transgenic animals, and suggests this as a mechanism of action for
G-CSE* We have not observed any alterations of microglial num-
bers after intraspinal delivery of G-CSF, consistent with earlier
work on systemic delivery of G-CSF in ALS models.® Although
a number of differences exist between Yamasaki et al. and our
studies (glycosylated versus nonglycosylated G-CSFE, continuous
versus once daily delivery, different doses of G-CSF used), none of
those appears fundamental enough to offer a clear explanation of
this discrepancy at present. From a general perspective, it appears
however rather unlikely that elevation of SOD1-transgenic micro-
glia would make a major contribution to the beneficial G-CSF
effects seen in ALS models.?>*

In conclusion, the data shown here further support our con-
cept that the direct action of G-CSF on motoneurons is the major
mode-of-action responsible for its beneficial effects in the SOD-1
(G93A) model.”®!

MATERIALS AND METHODS

ALS model. The animals used for the experiments were transgenic for the
SOD1 (G93A) mutation on a C57BL/6 background [B6.Cg-Tg(SOD1-
G93A)1Gur/] strain; Jackson Laboratory, Bar Harbor, ME]. They har-
bor a high copy number of the mutant human SODI1 transgene. For
animals with a delay in their onset of disease (no symptom at week 12
of age), the transgene copy number was determined by quantitative PCR
to control against drops in copy number that might modify the disease
phenotype. The heterozygous line was maintained by mating transgenic
males with C57BL/6 wild-type females. Transgenic females were used in
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all experiments. The animals were age-matched with equally distributed
siblings to treatment and control groups.

Recombinant AAV G-CSF vector. Generation of AAV G-CSF was per-
formed by subcloning the murine G-CSF complementary DNA sequence
into the AAV2 backbone plasmid containing the chicken B-actin pro-
moter and an IRES-eGFP sequence, flanked by AAV2 ITR sequences.
AAV-eGFP as control vector was generated by inserting the coding
sequence of eGFP into the same AAV expression cassette. HEK293 cells
were used for the production of pseudotyped chimeric AAV1/2 vectors
(containing a 1:1 ratio of capsid proteins serotype 1 and 2) as described
previously.”’ Cultured cells (80% confluent) propagated in complete
Dulbecco’s modified Eagle’s medium were transfected with the AAV con-
struct and helper plasmids (pH21, pRV1, and pFA6) using calcium phos-
phate. Forty-eight hours later, cells were harvested in phosphate-buffered
saline, centrifuged, and pellets from five plates were pooled in 25ml of
a buffer consisting of 150 mmol/lNaCl, 20 mmol/l Tris pH 8, 1.25ml of
10% natrium deoxycholate and 50 U/ml of benzonase. After an incuba-
tion of 1 hour at 37°C, 25 ml of 150 ml NaCl, and 1.25 ml of 10% natrium
deoxycholate were added and the solution was centrifuged. The superna-
tant was collected and filtered with 450 mmol/lNaCl, 20 mmol/l Tris pH
8 through a high-affinity heparin column (1 ml HiTrap Heparin; Sigma,
Munich, Germany) previously equilibrated with buffer (150 mmol/INaCl,
20 mmol/l Tris pH 8), at a speed of 1 ml/minute as described. The genomic
titer of the viral solutions was determined by real-time PCR (light cycler;
Roche Diagnostics, Mannheim, Germany).

Injection of AAV G-CSF. All injections were done in symptomatic 70-day-
old female mice.

Intramuscular injections: Mice were anesthetized by inhalation of 70%
N,O, 30% O,, and 1% halothane. The gastrocnemius and the longissimus
thoracis were chosen as target muscles. Injections were done using a nanofil
syringe (WPI, Berlin, Germany) and a 33-gauge needle. After incision of
the skin at the level of the thoracic spinal column, the longissimus thoracis
was exposed. A total of 6 ul of viral solution was injected bilaterally (total
of 9 x 10° AAV particles) in one site per gastrocnemius and two sites per
longissimus thoracis (1 pl per site).

Intraspinal injections: Mice were anesthetized by injection of a mixture
of ketamine (120 mg/kg body mass; Pharmanovo, Hannover, Germany)
and xylosine (Rompun, 16mg/kg body mass; Bayer, Leverkusen,
Germany). Injection anesthesia was chosen instead of inhalational
anesthesia here because of better compatibility with the stereotactic
procedure. After incision of the skin at the level of the thoracic/lumbar
segment of the spinal column, the spinal cord was exposed after sectioning
the paraspinous muscles. The tissue between the processi spinosi of T13
and L1 vertebrae was removed. Glass microcapillaries connected to a
vacuum pump were used to inject a total of 1 ul of viral solution bilaterally
at the L1 level (total of 3.78 x 10° AAV particles). To prevent any leaking of
viral solution, the glass microcapillaries were allowed to remain in place
for at least 1 minute after each injection, and were retracted slowly from
the spinal cord. Curaspon sponge (CuraMedical, Assendelft, Netherland)
was placed over the injection site, and muscles and skin were sutured.
Animals were allowed to wake up and recover from the operation under
a heating lamp for 1 hour. All animal experiments were approved by the
Regierungsprisidium Karlsruhe, Germany.

Sciatic nerve crush injury. Fifteen week old mice were anesthetized by
inhalation of 70% N,O, 30% O,, and 1% isoflurane. Before any surgical
procedures, depth of anesthesia was controlled by a pain reflex elicited
by pinching the skin between the toes, and by the palpebral reflex, elic-
ited by touching the eyelids. Under narcosis, hind limbs were shaved and
washed with 70% ethanol. The sciatic nerve was exposed at mid-thigh
level and pinched for 30 seconds with fine forceps (S&T JFA-5b, S&T, AG,
Neuhasen, Switzerland). Skin was sutured (Ethilon USF 4/0) and animals
were allowed to recover under a heating lamp for 1 hour.
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Quantification of G-CSF expression. After deep anesthesia, blood samples
were collected in heparinized tubes after heart puncture, and the spinal cord
was dissected after careful transcardial perfusion with Hank’s balanced salt
solution. Entire spinal cords were homogenized in lysis buffer (Promega,
Mannheim, Germany). G-CSF concentration was measured by an ELISA
for mouse G-CSF (Quantikine; R&D Systems, Wiesbaden-Nordenstadt,
Germany) from the serum after centrifugation, or from the protein extract.

Hematology. After deep anesthesia, blood samples were collected in hepa-
rinized tubes after heart puncture. WBC count was performed by an auto-
matic cell-counting system (Cell-Dyn 4000, Hematology analyzer; Abbott,
Weisbaden, Germany). The system uses optical flow cytometric technology
to obtain the WBC count and analyze sub-populations, such as neutrophils.

Assessment of disease progression and survival. One week before vector
injection (at 64 days of age) mice were trained for all motor-behavior exer-
cises. All tests were done weekly. Rotarod sessions lasted 480 seconds and
a constant accelerating mode from 3 to 30r.p.m. was used (Rotarod, Ugo
Basile, Comerio, Italy). Between each session, the mice were allowed to rest
for 480 seconds. Mean of three tests was recorded. Muscular strength was
measured by grip strength measurements (Ugo Basile). Mean of three tests
was recorded. Weight evolution and clinical symptoms were assessed weekly.
Clinical end stage of the disease was defined as the inability of the animal to
right itself over a period of 30 seconds. Animals were sacrificed at this point.

Immunohistochemistry

Counting of motoneurons: After deep anesthesia, mice were transcardially
perfused with Hank’s balanced salt solution followed by 4% paraformalde-
hyde, spinal cords were dissected and embedded in paraffin. Coronal
paraffin sections 10 pm thick from the lumbar or cervical spinal cord were
stained for choline acetyltransferase using the avidin-biotin complex
technique with 3,30-diaminobenzidine hydrochloride as chromogen
(DakoCytomation, Via Real Carpiteria, California). Nuclei were stained
with hemalaun solution. All neurons in the ventral horn that had a clearly
identifiable nucleolus, were >400mm? in size, and were ChAT™ were
counted (see ref. 8). Ten sections per mouse lumbar spinal cord that were
100 mm apart over a length of 1 mm were counted. Measurements were
done on a total of 18 mice from the AAV control (n = 9) and AAV G-CSF
groups (1 =9).

Counting of microglia: Coronal paraffin sections 10 um thick from the
spinal cord were stained for ionized calcium binding adaptor molecule
1 (IBA-1, 19741; WAKO, Osaka, Japan rabbit, 1:200). All microglia were
counted in ten spinal cord sections per mouse that were 100 mm apart
over a length of 1 mm. Measurements were done on a total of 12 mice
from the AAV- eGFP (n = 4), AAV G-CSF SOD-1 (G93A) (n = 4) groups,
and wild-type littermates (n = 4).

Counting of NMJs: After deep anesthesia, mice were transcardially
perfused with Hank’sbalanced saltsolution followed by 4% paraformaldehyde,
muscles were dissected and cryoprotected for 1 hour in 30% sucrose
solution, frozen on dry ice, and stored at —80°C. 40-um thick cryosections
were stained for presynaptic structures (axons) with a-neurofilament-L
(AB9568; Chemicon, Billerica, Massachusetts rabbit, 1:200) and for the
nicotinic acetylcholine receptor with o-bungarotoxin-TRITC (T1175;
Invitrogen, Eugene, Oregon; 1:200). Five sections per animals were counted,
corresponding to ~200 nicotinic acetylcholine receptors per animal.

Statistics. Experiments were performed in a randomized and blinded man-
ner, including computer-generated probe randomizations and probe label-
ing, blindness of all experimenters to treatment identities until the end of
the experiment, and separation of data analyses from experiment conduc-
tion. Animals were age- and litter-matched. Group or pairwise parametric
or nonparametric comparisons were done using NCSS software (NCSS,
Kaysville, UT) or JMP 8.01 (SAS Institute, Cary, North Carolina). Survival
and onset data were analyzed using the log-rank test. A P value <0.05 was
considered significant.
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SUPPLEMENTARY MATERIAL

Figure S1. AAV gene in the spinal cord after intramuscular injection.
Figure S2. Complete recovery of mice after intraspinal injection of
AAV.

Figure $3. Intramuscular injection of AAV G-CSF enhances survival of
SOD-1 (G93A) mice.

Figure S4. Size distribution of ChAT* cells in the spinal cord.
Figure $5. Microglia cells in the spinal cord of SOD-1 (G93A) mice.
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