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Attenuation of the secondary injury of spinal cord injury (SCI) can suppress the spread of spinal cord tissue damage, possibly
resulting in spinal cord sparing that can improve functional prognoses. Granulocyte colony-stimulating factor (G-CSF) is a haem-
atological cytokine commonly used to treat neutropenia. Previous reports have shown that G-CSF promotes functional recovery in
rodent models of SCI. Based on preclinical results, we conducted early phase clinical trials, showing safety/feasibility and suggestive
efficacy. These lines of evidence demonstrate that G-CSF might have therapeutic benefits for acute SCI in humans. To confirm this
efficacy and to obtain strong evidence for pharmaceutical approval of G-CSF therapy for SCI, we conducted a phase 3 clinical trial
designed as a prospective, randomized, double-blinded and placebo-controlled comparative trial. The current trial included cervical
SCI [severity of American Spinal Injury Association (ASIA) Impairment Scale (AIS) B or C] within 48 h after injury. Patients are
randomly assigned to G-CSF and placebo groups. The G-CSF group was administered 400 pg/m?/day x 5 days of G-CSF in nor-
mal saline via intravenous infusion for five consecutive days. The placebo group was similarly administered a placebo. Allocation
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was concealed between blinded evaluators of efficacy/safety and those for laboratory data, as G-CSF markedly increases white
blood cell counts that can reveal patient treatment. Efficacy and safety were evaluated by blinded observer. Our primary end point
was changes in ASIA motor scores from baseline to 3 months after drug administration. Each group includes 44 patients (88 total
patients). Our protocol was approved by the Pharmaceuticals and Medical Device Agency in Japan and this trial is funded by the
Center for Clinical Trials, Japan Medical Association. There was no significant difference in the primary end point between the G-
CSF and the placebo control groups. In contrast, one of the secondary end points showed that the ASIA motor score 6 months
(P=0.062) and 1 year (P =0.073) after drug administration tend to be higher in the G-CSF group compared with the placebo con-
trol group. The present trial failed to show a significant effect of G-CSF in primary end point.
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|ntl‘0ducti0n million in Japan. Recent changes in the ageing demo-

graphics of Japanese society have led to increased num-
Spinal cord injury (SCI) is a devastating injury caused bers of aged patients that suffer from SCI, resulting in
by trauma including fracture, dislocation and torsion of additional medical and social burdens (Katoh et al.,

the spinal column. Its annual incidence is ~40 per 2014).
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The pathophysiology of SCI consists of two sequential
processes including primary and secondary injuries. The pri-
mary injury is defined as the mechanical injury caused by
the trauma itself. Thus, the primary injury cannot be
avoided except for advising precaution. The secondary in-
jury is characterized by the biological reactions triggered by
the primary injury, and includes haemorrhage, electrolyte
shifts, excitotoxicity, ischaemia, inflammatory cytokine upre-
gulation, infiltration of inflammatory cells, and disruption of
axons and the myelin sheath, among others. The secondary
injury is the main target for treatment and has been the core
subject of extensive research for many years. Attenuation of
the secondary injury can suppress the spread of spinal cord
tissue damage, possibly resulting in spinal cord sparing
which can improve functional prognoses (Yang et al., 2020).

Methylprednisolone sodium succinate (MPSS) is the only
pharmaceutically approved SCI drug in Japan, its mechan-
ism of action being to prevent secondary injury via anti-in-
flammatory effects and stabilization of the cell membrane
(Bracken et al., 1990). However, recent reports showed that
most orthopaedic surgeons and neurosurgeons do not use
MPSS for SCI patients because MPSS has been shown to
have only a modest effect on SCI, and also has adverse
effects including infection and gastric ulcer (Hurlbert et al.,
20135). Therefore, a novel drug that can attenuate secondary
injury after SCI without substantial adverse events is greatly
needed. Extensive laboratory and clinical studies have been
conducted to establish the potential of novel neuroprotective
agents for the acute phase of SCI.

Granulocyte colony-stimulating factor (G-CSF) is a haem-
atological cytokine that induces development, survival and
proliferation of granulocyte lineage cells, and is commonly
used to treat neutropenia (Nicola et al., 1983). G-CSF also
has non-haematopoietic functions and has been suggested as
a treatment for neuronal injury (Roberts, 2005). Previous
reports have shown that G-CSF promotes functional recov-
ery in rodent models of SCI via various mechanisms of ac-
tion including mobilization of bone marrow cells into the
injured spinal cord, suppression of neuron and oligodendro-
cyte apoptosis, suppression of inflammatory cytokines and
promotion of angiogenesis (Koda et al., 2007; Nishio et al.,
2007; Kawabe et al., 2011; Kadota et al., 2012). Based on
these results, we conducted a preliminary phase I/lla clinical
trial and confirmed the safety and feasibility of G-CSF as
neuroprotective therapy in patients with acute SCI
(Takahashi et al., 2012).

To validate the efficacy of G-CSF for SCI, a multicentre,
prospective, non-randomized, non-blinded, comparative con-
trol study (phase 2 clinical trial) was conducted (Inada et al.,
2014). Patients with acute cervical SCI (within 48 h post-in-
jury) were enrolled in the trial and assigned to either the G-
CSF group (G-CSF was administered at 10 pg/kg/day x 5
days via intravenous infusion) or the control group (without
G-CSF administration) at each treatment facility. Nineteen
patients in the G-CSF group and 26 patients in the control
group were observed for 3 months after administration.
Acquired points on the American Spinal Injury Association
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(ASIA) motor score (0 to 100 points) was compared between
groups. Acquired ASIA motor scores 3 months after the in-
jury from baseline values were 26.1+18.9 in the G-CSF
group and 12.2+14.7 in the control group showing a sig-
nificant improvement of motor paralysis in the G-CSF group
(P < 0.01). In addition, in cases that could be followed for 1
year, a significant improvement in the ASIA motor score
was still observed in the G-CSF group (Inada et al., 2014).
These lines of evidence demonstrate that G-CSF might
have therapeutic benefits for acute SCI in humans. To con-
firm this efficacy and to obtain strong evidence for pharma-
ceutical approval of G-CSF therapy for SCI, we conducted a
phase 3 clinical trial designed as a prospective, randomized,
double-blinded and placebo-controlled comparative trial.

Materials and methods

The study design of the current trial was a prospective, multi-
centre, randomized, double-blinded, placebo-controlled com-
parative study (Koda et al, 2018). The registration number was
UMINO000018752 (https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.
cgi?function=brows&action=brows&type=summary&recptn
0=R000021694&language=]J).

The current trial included cervical SCI [severity of ASIA
Impairment Scale (AIS) B/C] within 48 h after injury. Patients
were reassessed for neurological status at 48+4 h post-injury,
and those with a paralysis severity of AIS B or C at that time
point were enrolled. The precise inclusion and exclusion criteria
are shown in Box 1.

Patients were randomly assigned to the G-CSF or placebo
control groups by a central registration system with dynamic
randomization based on age (1664 years of age, or 65-84
years of age) and severity of paralysis (AIS B or C) in a 1:1
ratio.

The G-CSF group was administered 400 pg/m*/day of G-CSF
in normal saline via intravenous infusion for five consecutive
days. The placebo control group was similarly administered a
placebo, which consisted of the same solvent as the G-CSF solu-
tion. The dosage was determined based on the results from the
early-phase clinical trials (Takahashi ez al., 2012; Inada et al.,
2014). In the current trial, the dosage of G-CSF is written as
400 pg/m*/day (=10 pg/kg/day) according to the instructions of
the Japanese Pharmaceutical and Medical Device Agency
(PMDA) for consolidation of product labelling.

Allocation was concealed between the blinded evaluators of
efficacy/safety and those for laboratory data, as G-CSF marked-
ly increases white blood cell counts that can reveal patient treat-
ment. Efficacy and safety were thus evaluated by blinded
observers.

Our primary end point was acquired ASIA motor points,
which was calculated as change in ASIA motor score [using
international standards for neurological classification of spinal
cord injury (ISNSCI)] from baseline to 3 months after drug ad-
ministration. Secondary end points were as follows: (i) acquired
ASIA motor points, which was calculated as change in ASIA
motor scores at 6 months and 12 months after G-CSF adminis-
tration compared with baseline; (ii) acquired ASIA sensory
points, which was calculated as change in ASIA pinprick score
at 3, 6, and 12 months after G-CSF administration compared
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Box | Inclusion and exclusion criteria
Inclusion criteria

(1) Patients with cervical SCI (severity of AIS B/C) within 48 h
of injury.

(2) Patients reassessed for neurological status at 48 h after in-
jury, and those whose palsy is AIS B/C will be enrolled.

(3) Patients with neurological level of injury between C4 and
cr.

(4) Patients with age of 16 to 85 years.

(5) Patients who agree to participate in the current trial and
from whom informed consent was obtained orally and in
writing.

(6) Patients who can be followed up for 12 months after SCI.
Exclusion criteria

(1) Patients with neurological recovery to AIS D at neurologic-
al reassessment 48 h after SCI, because only AIS B/C
patients will be included to standardize the severity of par-
esis in order to stratify the patients at the initiation of drug
administration.

(2) Allergy to G-CSF.

(3) Haematological malignancy

(4) Within 6 months after invasive coronary intervention
(5) Splenomegaly

(6) Pregnancy

(7) Consciousness impairment

(8) Neurological disorders that can affect neurological evalu-
ation in the present trial

(9) Fracture of extremities that can affect the neurological
evaluation

(10) Massive dose administration of MPSS.

Exclusion criteria 2—6 are set for safety, criteria |, and 7-9 are
set to maintain homogeneity of the patient population enrolled,
criteria 7-9 are set for maintenance of accuracy of functional as-
sessment, criteria 7 is set to obtain patients’ own informed
consent upon participation to the trial and criteria 10 is set to
omit the possible interference of MPSS on outcome assessment.
MPSS = methylprednisolone sodium succinate.

with baseline; (iii) percentage of patients whose AIS improved
by 1 grade or more at 3 and 6 months post-administration com-
pared with grade prior to administration of G-CSF; (iv) change
in Spinal Cord Independence Measure (SCIM) scores at 3, 6,
and 12 months after G-CSF administration compared with pre-
treatment; and (v) EQ-5D efficacy scores at 3, 6, and 12 months
after G-CSF administration.

Each group included 44 patients (88 total patients). The ne-
cessary number of cases was calculated by a biostatistician
based on data from the early-phase clinical trials. Our protocol
was approved by the PMDA and this trial was funded by the
Center for Clinical Trials, Japan Medical Association.
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Statistical analyses

The background patient characteristics were compared using a
chi-square test for categorical variables, and a t-test or
Wilcoxon rank sum test for continuous variables. Analyses of
the primary and secondary end points were performed as inten-
tion-to-treat analyses in the full analysis set (FAS), which
includes all patients who were administered at least one course
of treatment during the study, had no serious violation of the
study protocol and had data collected after commencement of
treatment. Additional analyses in the per protocol set (PPS),
which included all patients who were administered the full drug
regimen, were similarly performed to obtain complementary
data. Missing data, including loss to follow-up and missing
measurements were supplemented with the last observation car-
ried forward method. The same method was applied to the sec-
ondary end points, change in ASIA motor/sensory scores,
SCIM, and EQ-5D. A chi-squared test was applied to the ratio
of responders based on AIS and the improvement in neurologic-
al level of injury. The frequency of adverse events was compared
using a Fisher’s exact test. A P-value < 0.05 was considered
statistically significant. All statistical analyses were performed
using SAS software (version 9.4; SAS Institute, Cary, NC, USA).

Subanalyses

The acquired ASIA motor points, which was calculated as
changes in ASIA motor score 3, 6 and 12 months after drug ad-
ministration were compared between the G-CSF and control
groups among the age subgroups, younger subgroup (16—64
years of age) and older subgroup (65-84 years of age), and par-
alysis severity subgroups, AIS B and AIS C subgroups. These
subanalyses were performed for the PPS; the missing data
including loss to follow-up and missing measurements were sup-
plemented with the last observation carried forward method.

Adverse events

For the safety evaluation, adverse events, which refer to any
symptom or disease signs in a participant after informed consent
with or without causal relationship with G-CSF, were collected.
Increases in white blood cell counts were considered an adverse
event only when the count exceeded 50 000/ul from the perspec-
tive of a pharmacological effect of G-CSF. Anaphylaxis and
adult respiratory distress syndrome are the most representative
G-CSF-related severe adverse events to be given full attention.
All adverse event-related terminology were coded by the investi-
gators according to the ICH International Medical Dictionary
for Regulatory Activities Japanese version (MedDRA/J).

Ethics

This study was approved by the Institutional Review Board (IRB)
of each institution that participated in the present trial and was
conducted according to the principles of the World Medical
Association (WMA) Declaration of Helsinki-Ethical Principles for
Medical Research Involving Human Subjects with the amend-
ments made in Seoul, South Korea, October 2008, with a Note of
Clarification on Paragraph 29 added by the WMA General
Assembly, Washington 2002; Note of Clarification on Paragraph
30 added by the WMA General Assembly, Tokyo 2004, and in
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accordance with the Japanese Medical Research Involving Human
Subjects Act (WMO) and other guidelines, regulations and acts.

Patient informed consent

The principal investigator prepared the informed consent form
such that the informed consent was obtained from the patient
and the patient’s legal representative. In cases where the trial
participant could not physically sign the informed consent form
because of upper extremity palsy caused by SCI, allographs pro-
vided by the patients’ representatives were allowed.

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results

Patients demographics

Patient demographics are shown in Table 1. There were no
significant differences in the male/female ratio, mean age at
injury, ratio of patients under/over 65 years old, ratio of AIS
B or C, or neurological level of injury. The ASIA motor
score at the enrolment was 21.2+21.8 in G-CSF group and
27.6+21.1, showing no significant difference between both
groups (Table 1).

Enrolment

A total of 98 patients were screened for possible enrolment for
the current trial. Ten of 98 patients were excluded because of
the inappropriate degree of the paresis, patient refusal and con-
comitant diseases, etc. Three of 88 patients were diagnosed as
AIS A or D [one patient in the G-CSF group was AIS A, two
patients (each one patient in both the groups) were AIS D] after
administration of the test drug. They were included in the FAS

Table | Participant demographics

G-CSF Placebo P-value
n=43 n=45
Male: female 36:7 21:115 0.55
Mean age at injury, years 643+13.2 65.1+13.1 0.76
Under 65 years old 16 (37.2%) 18 (40.0%)
Over 65 years old 27 (62.8%) 27 (60.0%) 0.83
AlIS 0.86
A I (2.3%) 0
B 12 (27.9%) 11 (24.4%)
C 29 (67.4%) 33 (73.3%)
D I (2.3%) 1 (2.2%)
ASIA motor score 21.2+21.8 27.6+2l.1 0.47
Neurological level of injury 0.12
C4 26 (60.5%) 21 (46.7%)
C5 Il (25.6%) 21 (46.7%)
Cé 4(9.3%) 3(6.7%)

c7 2(47%) 0
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analyses whereas they were excluded from PPS analyses. One
patient in the G-CSF group and six patients in the placebo
group dropped out from follow-up examination 3 months after
the drug administration. One year after the drug administra-
tion, six patients in the G-CSF group and 11 patients in the pla-
cebo group dropped out from follow-up. Therefore, the
numbers of patients followed-up for 1 year were 35 in the G-
CSF group and 33 in the placebo group (Fig. 1).

G-CSF is well known to elevate white blood cell number.
We counted the white blood cell number after administra-
tion of the test drugs. Although G-CSF apparently elevated
the white blood cell number as expected, there was no severe
adverse events directly related to the effect of G-CSF to in-
crease white blood cells (Supplementary Tables 1 and 2).

Primary end point

For the primary end point, there was no significant differ-
ence in acquired points on the ASIA motor score 3 months
after drug administration between the G-CSF and control

Screening
(n =98)
Excluded
(n = 10)
enrolled
(n=88)
Randomization
1
Administration| (,-?-Cj;} ?:,a_c:bs?

AISA/D (n =2) | [AsD(n=1)
FAS only FAS only
aM G-CSF placebo

e (n = 40) (n = 38)
G-CSF placebo

Mo |  (n=35) (n = 35)
G-CSF placebo

12Mo (n = 35) (n=33)

Figure | Flow chart describing the enrolment process. A
total of 98 patients were screened for possible enrolment for the
current trial. Ten of 98 patients were excluded because of the in-
appropriate degree of the paresis, patient refusal and concomitant
diseases, etc. Three of 88 patients were diagnosed as AIS A or D
[one patient in the G-CSF group was AlS A, two patients (each one
patient in both the groups) were AlS D] after the administration of
test drug. They were included in FAS analyses whereas they were
excluded from PPS analyses. One patient in the G-CSF group and
six patients in the placebo group dropped out from follow-up exam-
ination 3 months after the drug administration. One year after the
drug administration, six patients in the G-CSF group and | | patients
in the placebo group dropped out from follow-up. Therefore, the
numbers of patients followed-up for | year were 35 in the G-CSF
group and 33 in the placebo group.
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groups in either the FAS analysis (G-CSF group, 7n =41,
34.5+£22.5; control group, n=42, 30.8+21.0; P =0.40;
Fig. 2A) or PPS analysis (G-CSF group, n = 40, 36.2+21.8;
control group, 7 = 39, 30.5+21.1; P = 0.22; Fig. 2B).

Secondary end points

Acquired points on the ASIA motor score at 6 and 12
months after drug administration showed a trend towards
improvement in the G-CSF group compared to the control
group (6 months: G-CSF group, 40.5+22.0, control group,
35.6+22.6, P =0.06; 12 months: G-CSF group, 41.8+22.9,
control group, 37.2+20.9, P = 0.07; Fig. 3A) in PPS analysis
with last observation carried forward supplementation.
There was no significant difference in the change in ASIA
pinprick scores at either 3, 6, or 12 months between groups
(Fig. 3B). The ratio of patients whose AIS improved at 3
and 6 months post-administration showed no significant dif-
ference between groups: 34/41 cases in the G-CSF group
and 34/41 cases in the control group showed AIS improve-
ment at 3 months post-administration, P = 1.0; 33/36 cases

A (FAS)
100 — G-CSF

=== Placebo

Acquired motor points

20

Days after drug administration

B (PPS)
100

Acquired motor points

Days after drug administration

Figure 2 Primary end point. There was no significant difference
in acquired points on the ASIA motor score 3 months after drug
administration between the G-CSF and control groups in either (A)
the FAS analysis (G-CSF group, n =41, 34.5+22.5; control group,
n=42, 30.8+21.0; P=0.40) or (B) PPS analysis (G-CSF group,
n =40, 36.2+21.8; control group, n = 39, 30.5+21.1; P = 0.22).
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in the G-CSF group and 33/38 cases in the control group
showed AIS improvement at 6 months post-administration,
P =0.71. There was also no significant difference in the
change in selfcare and mobility domains of SCIM score at 3,
6, or 12 months after drug administration (selfcare domain:
3 months: 4.8+6.2 in the G-CSF group and 6.0+7.0 in the
placebo group, P =0.57; 6 months: 4.8+6.2 in the G-CSF
group and 6.0+7.0 in the placebo group, P=0.80; 12
months: 4.8+6.2 in the G-CSF group and 6.0+7.0 in the
placebo group, P=0.79; Fig. 3C) (mobility domain: 3
months: 4.8+6.2 in the G-CSF group and 6.0+7.0 in the
placebo group, P = 0.50; 6 months: 15.3+16.0 in the G-CSF
group and 18.5+15.9 in the placebo group, P=0.19, 12
months: 15.9£14.9 in the G-CSF group and 19.0+16.3 in
the placebo group, P = 0.57; Fig. 3D). EQ-5D scores at 3, 6,
and 12 months post-drug administration also showed no sig-
nificant differences between groups.

Adverse events

Safety evaluation showed no severe adverse events except
for one patient that exhibited severe consciousness disorder
in the G-CSF group. The cause of this severe adverse event
was determined to be ‘not related to the test drug’ because
brain CT revealed traumatic subarachnoid haemorrhage.
Other than severe adverse event, there were high rate of ad-
verse events in both groups (100% in the G-CSF group and
97.8% in the placebo group, P = 1.0, Supplementary Table
1). A precise list of all the adverse events are provided in
Supplementary Table 1. The most frequent adverse events
possibly related to the test drug were general disorder (fever)
in five cases (11.6%) from the G-CSF group and respiratory
disorder in three cases (6.7%) from the placebo group
(Supplementary Table 1).

Subanalyses

In the older subgroup (65-84 years of age), difference in the
acquired ASIA motor points, which was calculated as
change in ASIA motor score 6 and 12 months after drug ad-
ministration between both groups nearly reached to statistic-
al significance (6 months: G-CSF group, n =26, 41.4+21.2,
and control group, n=23, 29.3+21.8, P=0.056; 12
months: G-CSF group, 7 =26, 43.9+19.7, and control
group, n =23, 33.1£23.3, P =0.085, Fig. 4B). In contrast,
there was no significant difference in acquired ASIA motor
points, which was calculated as the change in ASIA motor
score 6 and 12 months after drug administration in the
younger subgroup (18-64 years of age; 6 months: G-CSF
group, n=14, 45.7+23.8, and control group, n=17,
412+19.6, P=0.56; 12 months: G-CSE group, 7 = 14,
49.1+£24.3, and group, n=17, 43.7+19.7,
P =0.50, Fig. 4A). There was no significant difference in the
change in ASIA motor score 6 or 12 months after drug ad-
ministration in either the AIS B or C patient subgroups.
Further, there was no significant difference in acquired

control
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Figure 3 Secondary end points. (A) Acquired points on the ASIA motor score at 6 and 12 months after drug administration. There was a
trend towards improvement in the G-CSF group compared to the control group (6 months: G-CSF group, 40.5+22.0, and control group,
35.6+22.6, P =0.06; 12 months: G-CSF group, 41.8+22.9, and control group, 37.2+20.9, P = 0.07) in PPS analysis with last observation carried
forward supplementation. (B) There was no significant difference in ASIA sensory score for pinprick between both groups. (C) changes in SCIM
selfcare domain, 3 months: 4.8+6.2 in the G-CSF group and 6.0+7.0 in the placebo group, P =0.57, 6 months: 4.8+6.2 in the G-CSF group and
6.0+7.0 in the placebo group, P = 0.80, 12 months: 4.8+ 6.2 in the G-CSF group and 6.0+ 7.0 in the placebo group, P = 0.79. (D) changes in SCIM
mobility domain, 3 months: 4.8+6.2 in the G-CSF group and 6.0+7.0 in the placebo group, P = 0.50, 6 months: 15.3+16.0 in the G-CSF group
and 18.5£15.9 in the placebo group, P =0.19, 12 months: 15.9+ 14.9 in the G-CSF group and 19.0+ 16.3 in the placebo group, P = 0.57. There
was no significant difference in change in SCIM self care score (C) and mobility score (D) between both groups.

SCIM selfcare and mobility points between the younger and
older subgroups (Fig. 4C-F).

In addition, we compared the recovery between patients
aged <69 and those =70 and plotted recovery against age
to elucidate the possible impact of age on the response to G-
CSF. Comparison of recovery between patients aged <69
and those >70 revealed a similar trend to age over/under
65, which tend to be better in the over 70 group with G-
CSF treatment 6 months after drug administration
(Supplementary Fig. 1A and B). However, there was no sig-
nificant correlation between acquired motor points and age
in both groups (Supplementary Fig. 1C and D). Next, we
analysed the recovery in patients with C4, 5 level injury to

exclude the possible ceiling effects related to the lower level
of injury (C6, 7). In patients with C4, 5 level injury (7 = 33
in the G-CSF group and 7 =38 in the placebo group), the
G-CSF group showed tendency for better recovery 6 months
after drug administration (Supplementary Fig. 1E, P = 0.07),
whereas there was no significant difference between both
groups in C 6, 7 patients (Supplementary Fig. 1F).

Discussion

Although the previous early phase clinical trial showed sig-
nificantly better recovery by G-CSF treatment in acute SCI
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Figure 4 Subanalyses. In the older subgroup (65-84 years of age), difference in the change in ASIA motor score 6 and 12 months after drug
administration between both groups nearly reached to statistical significance (6 months: G-CSF group, n =26, 41.4+21.2, and control group,
n=23,29.3+21.8, P =0.056; 12 months: G-CSF group, n = 26, 43.9+ 19.7, and control group, n = 23, 33.1 +£23.3, P = 0.085; Fig. 3B). In contrast,
there was no significant difference in the change in ASIA motor score 6 and 12 months after drug administration in the younger subgroup (18—64
years of age; 6 months: G-CSF group, n = |4, 45.7+23.8, and control group, n =17, 41.2+19.6, P =0.56; 12 months: G-CSF group, n = 14,
49.1£24.3, and control group, n = 17, 43.7+19.7, P = 0.50; Fig. 3A). In addition, we compared the recovery between over and under 70’s and
plotting recovery against age to elucidate the possible impact of age on the response to G-CSF. Comparison of recovery between patients aged
<69 and those aged >70 revealed the similar trend to age over/under 65, which tend to be better in the group aged over 70 with G-CSF treat-
ment 6 months after drug administration (Supplementary Fig. | A and B). However, there was no significant correlation between acquired motor
points and age in both groups (Supplementary Fig. 1C and D). Next, we analysed the recovery in patients with C4, 5 level injury to exclude the
possible ceiling effects related to the lower level of injury (C6é, 7). In C4, 5 level patients (n = 33 in the G-CSF group and n = 38 in the placebo
group), the G-CSF group showed tendency for better recovery 6 months after drug administration (Supplementary Fig. |E, P = 0.07), whereas
there was no significant difference between both groups in C6, 7 level patients (Supplementary Fig. |F).
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patients, the present study found no significant difference in
the primary end point, acquired points on the ASIA motor
score 3 months after drug administration, between the G-
CSF and placebo control groups in either FAS or PPS analy-
ses. This unexpected discrepancy between the previous
results and the present one might to be attributed to the dif-
ference of study design between both trials. The study design
of the previous trial was non-randomized, non-blinded com-
parative trial and the allocation between the G-CSF and the
control group was based on the institute where the partici-
pant was treated, possibly resulting in selection bias and in-
formation bias. Moreover, in contrast to the unified timing
of drug administration in the current trial, the timing of
drug administration was not unified in the previous trial, of
which timing was within 48 h after injury. Drug administra-
tion timing in the previous study varied from 6 h to 48 h
after injury (Inada et al, 2014), possibly having a significant
influence on the outcome.

There are several reasons why the present trial failed to
show significant effects. It is possible that the time point
selected for evaluation of the primary end point (3 months
post-drug administration) was inappropriate. One of the sec-
ondary end points, change in ASIA motor score 6 and 12
months after drug administration, showed a strong tendency
towards higher motor scores in the G-CSF group than in the
placebo control group 6 months (P = 0.062) and 12 months
(P =0.073) after drug administration, whereas there was no
significant difference in motor score recovery between these
groups 3 months after drug administration (P = 0.13). Most
of the previously reported clinical trials for SCI used 6
months post-injury as the time point for evaluating their pri-
mary end points (Bracken et al., 1990; Geisler et al., 2001;
Tadié et al., 2003; Fehlings et al., 2016, 2018). We selected
3 months post-drug administration as the time point for
evaluating our primary end point because an early-phase
non-randomized, non-blinded comparative trial showed a
significant difference between G-CSF-treated and control
groups 3 months after SCI. We also had concerns that a
large number of patients might drop-out from follow-up be-
cause of the Japanese clinical settings. Given that neurologic-
al recovery after SCI can occur 3 to 12 months after SCI, we
should have selected 6 or 12 months post-treatment for the
evaluation of the primary end point.

Another possible explanation for the lack of clear efficacy
is that the inclusion criteria regarding patient age were sub-
optimal. In the subanalysis of patients aged over 65 years or
70 years, motor recovery tended to be better in the G-CSF
treated group (Fig. 4B and Supplementary Fig. 1B) com-
pared with the control group. Data of subanalysis also
showed the worse recovery in placebo control group patients
in older age subgroup compared with the placebo control
group in younger age subgroup. This is in line with the pre-
vious reports showing worse recovery after SCI in elderly
patients (Furlan and Fehling, 2009).

However, the underlying mechanisms behind the G-CSF-
mediated enhanced outcomes in elderly SCI patients remain
to be elucidated. Previous animal studies showed more
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severe inflammatory reactions in the spinal cords of older
rodents compared with younger rodents (Hooshmand et al.,
2014; Kamiya et al., 2017). Previous reports showed the
chronic inflammation is related to the various kinds of age-
ing process including CNS (Pinti et al., 2016; Ventura et al.,
2017). One of the major therapeutic targets of G-CSF is
overexpression of inflammatory cytokines during the acute
phase of SCI (Kadota et al., 2012). Thus, G-CSF might exert
anti-inflammatory and/or immune-modulation effects against
the more severe inflammatory reactions present in elderly
patients. Recent studies revealed another possible G-CSF’s
mode of action on the CNS. Guan et al. reported that G-
CSF can attenuate cognitive dysfunction in elderly mice via
regulation of autophagy and NF-xB signalling pathways
(Guan et al., 2017), suggesting another possible mechanism
of G-CSF. These lines of evidence suggest that the inclusion
criteria might be limited to elderly patients especially given
the current population distribution of SCI victims in Japan.
Approximately two-thirds of the participants (54/88 cases,
61.3%) in the present trial were over 65 years. In a previous
epidemiological report, 70 years of age represented the high-
est frequency of SCI in Japan (Katoh et al., 2014). Kudo
et al. (2019) reported that the ratio of aged patients
accounted for 75% of all cases of traumatic SCI in Akita
prefecture, the northern part of Japan that has the oldest
population (Kudo et al., 2019). Thus, the high percentage of
elderly patients with SCI provides a rationale for limiting the
inclusion criteria. For example, in the present trial, the
acquired motor points at 6 and 12 months after drug admin-
istration in an age-limited population (patients over 653)
nearly reached to the significant difference between the G-
CSF-treated group and the placebo group (6 months: G-CSF
group, n=26, 41.4+21.2; control group, n=23,
29.3+£21.8; P=0.056; 1 year: G-CSF group, =26,
43.9+£19.7; control group, 7 =23, 33.1+23.3; P=0.085;
Fig. 4).

Other than the aforementioned technical factors related to
selecting the trial protocol, large variation in the participants’
neurological status could, contradictorily, result in significant
differences between the groups. Large variation in neurologic-
al status is a specific characteristic of the acute phase of SCI
for the following reasons: (i) early evaluations are most un-
stable for both general and neurological status, resulting in
difficulty making precise neurological assessment; (ii) precise
stratification is extremely difficult in the acute phase of SCI;
and (iii) spinal shock makes precise neurological evaluation
more difficult. It is well known that spinal shock in the acute
phase of SCI masks the ‘true’ neurological severity of SCI,
resulting in extreme difficulty in accurately determining injury
severity and prognosis of the palsy. It is possible that these
factors contribute to significant variation in the neurological
status of acute SCI patients (Ditunno et al., 2004).

To minimize the influence from this large variation in
neurological status, we used delayed drug administration,
re-evaluation of neurological status and patient stratifica-
tion. By delaying drug administration, a patient’s neuro-
logical status may be more stable than in the acute phase,
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resulting in more precise neurological evaluation and
stratification (Fawcett et al., 2007). Thus, we selected 48
h post-SCI as the time point for drug administration. We
determined the timing of drug administration based on
both preclinical and early clinical data. In a rat model of
contusive SCI, G-CSF promoted neurological recovery
when administrated 24 h after injury. In a previous early-
phase clinical trial in which drug administration was initi-
ated within 48 h after SCI, patients who were adminis-
tered G-CSF 48 h after SCI showed neurological recovery
(Inada et al, 2014). These lines of evidence provided the
rationale for selecting the timing of drug administration.
Another method employed to reduce the influence of the
wide variation in neurological status was neurological re-
evaluation 48 h post-SCI, at the time of drug administra-
tion. We enrolled trial candidates within 48 h after injury,
waited until 48 h post-SCI, then re-evaluated neurological
status and only included patients who fulfilled the inclu-
sion criteria at the 48-h time point, excluding patients
who demonstrated neurological recovery to AIS D. This
exclusion criteria resulted in three patients being excluded
due to neurological deterioration to AIS A (one patient)
and neurological recovery to AIS D (two patients) during
the screening period. Patient stratification was another
one of the additional methods utilized to reduce the influ-
ence of the wide variation in neurological status of the
patients. We limited the inclusion criteria in the present
trial to AIS B or C patients, meaning severe incomplete
SCI, and excluding AIS A and D patients. However, even
though we used these methods in an attempt to reduce pa-
tient variation in neurological status at drug administra-
tion, the standard deviation of the ASIA motor score at
enrolment in the current trial was 21.8 points in the G-
CSF group and 21.1 points in the placebo control group,
showing the failure to reduce large variation. Similarly,
data from the NASCIS 2 trial, one of the most well-
known large scale clinical trials, showed a standard devi-
ation in motor score at trial entry of 17.4 in the steroid-
treated group and 19.6 in the placebo control group
(Bracken et al., 1990), comparable to the variation
reported in our current trial.

Considering the present results, extensive efforts to reduce
the significant variation of heterogenous SCI patients must
be considered for future acute phase SCI clinical trials,
including stricter stratification of the participants, and a
greater delay prior to drug administration. However, there
are major obstacles to implementing these methods.
Employing stricter stratification of the patients is a trade-off
with patient enrolment, making it more difficult, and delay-
ing the time of drug administration can limit the effective-
ness of neuroprotective drugs. Further sophistication of trial
protocols should be considered in order to obtain significant
results in a clinical trial for acute phase SCI.

In conclusion, the present trial failed to show significant
benefit from G-CSF in the primary end point.
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